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Abstract 
 For cochlear implant (CI) listeners, poorer than normal speech recognition abilities are 
typically attributed to degraded spectral acuity.  However, estimates of spectral acuity have most 
often been obtained using simple (tonal) stimuli, presented directly to the implanted electrodes, 
rather than through the speech processor as occurs in everyday listening. Further, little is known 
about spectral acuity for dynamic stimuli, as compared to static stimuli, even though the 
perception of dynamic spectral cues is important for speech perception.   
The primary goal of the current study was to examine spectral acuity in CI listeners, and 
a comparison group of normal hearing (NH) listeners, for both static and dynamic stimuli 
presented through the speech processor.  In addition to measuring static and dynamic spectral 
acuity for simple stimuli (pure tones) in Experiment 1, spectral acuity was measured for complex 
stimuli (synthetic vowels) in Experiment 2, because measures obtained with speech-like stimuli 
are more likely to reflect listeners’ ability to make use of spectral cues in naturally-produced 
speech.  Sixteen postlingually-deaf, adult CI users and sixteen NH listeners served as subjects in 
both experiments.    
 In Experiment 1, frequency discrimination limens (FDLs) were obtained for 1.5 kHz 
reference tones, and frequency glide discrimination limens (FGDLs) were obtained for pure-tone 
frequency glides centered on 1.5 kHz.  Glide direction identification thresholds (GDITs) were 
also measured, in order to determine the amount of frequency change required to identify glide 
direction.  All three measures were obtained for stimuli having both longer (150 ms) and shorter 
(50 ms) durations. 
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Spectral acuity for dynamic stimuli (FGDLs, GDITs) was poorer than spectral acuity for 
static stimuli (FDLs) for both listener groups at both stimulus durations.  Stimulus duration had a 
significant effect on thresholds in NH listeners, for all three measures, but had no significant 
effect on thresholds in CI listeners for any measure.  Regression analyses revealed no systematic 
relationship between FDLs and FGDLs in NH listeners at either stimulus duration.  For CI 
listeners, the relationship between FDLs and FGDLs was significant at both stimulus durations, 
suggesting that, for tonal signals, the factors that determine spectral acuity for static stimuli also 
largely determine spectral acuity for dynamic stimuli.   
In Experiment 2, estimates of static and dynamic spectral acuity were obtained using 
three-formant synthetic vowels, modeled after the vowel  /^/.  Formant discrimination thresholds 
(FDTs) were measured for changes in static F2 frequency, whereas formant transition 
discrimination thresholds (FTDTs) were measured for stimuli that varied in the extent of F2 
frequency change.  FDTs were measured with 150-ms stimuli, and FTDTs were measured with 
both 150-ms and 50-ms stimuli.  For both listener groups, FTDTs were similar for the longer and 
shorter stimulus durations, and FTDTs were larger than FDTs at the common duration of 150 
ms.  Measures from Experiment 2 were compared to analogous measures from Experiment 1 in 
order to examine the effect of stimulus context (simple versus complex) on estimates of spectral 
acuity.  For NH listeners, measures obtained with complex stimuli (FDTs, FTDTs) were 
consistently larger than the corresponding measures obtained with simple stimuli (FDLs, 
FGDLs).  For CI listeners, the relationship between simple and complex measures differed 
across two subgroups of subjects.  For one subgroup, thresholds obtained with complex stimuli 
were smaller than those obtained with simple stimuli; for another subgroup the pattern was 
reversed.  On the basis of these findings, it was concluded that estimates of spectral acuity 
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obtained with simple stimuli cannot accurately predict estimates of spectral acuity obtained with 
complex (speech-like) stimuli in CI listeners.  However, a significant relationship was observed 
between FDTs and FTDTs.  Thus, similar to the measures obtained with pure-tone stimuli in 
Experiment 1 (FDLs and FGDLs), estimates of static spectral acuity (FDTs) appear to predict 
estimates of dynamic spectral acuity (FTDTs) when both measures are obtained with stimuli of 
similar complexity in CI listeners.   
 Taken together, findings from Experiments 1 and 2 support the following conclusions: 
(1) Dynamic spectral acuity is poorer than static spectral acuity for both simple and complex 
stimuli.  This outcome was true for both NH and CI listeners, despite the fact that absolute 
thresholds were substantially larger, on average, for the CI group. (2) For stimuli having the 
same level of complexity (i.e., tonal or speech-like), dynamic spectral acuity in CI listeners 
appears to be determined by the same factors that determine spectral acuity for static stimuli. (3) 
For CI listeners, no systematic relationship was observed between analogous measures of 
spectral acuity obtained with simple, as compared to complex, stimuli.  (4)  It is expected that 
measures of spectral acuity based on complex stimuli would provide a better indication of CI 
users’ ability to make use of spectral cues in speech; therefore, it may be advisable for studies 
attempting to examine the relationship between spectral acuity and speech perception in this 
population to measure spectral acuity using complex, rather than simple, stimuli.  (5) Findings 
from the current study are consistent with recent vowel identification studies suggesting that 
some poorer-performing CI users have little or no access to dynamic spectral cues, while access 
to such cues may be relatively good in some better-performing CI users.  However, additional 
research is needed to examine relationship between estimates of spectral acuity obtained here for 
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speech-like stimuli (FDTs, FTDTs) and individual CI users’ perception of static and dynamic 
spectral cues in naturally-produced speech. 
 
 
1 
 
 
 
 
Chapter One:  
Introduction 
This chapter provides an overview of sound processing by cochlear implants (CIs), with 
an emphasis on limitations related to spectral resolution.  Factors that contribute to degraded 
spectral acuity in CI listeners will be discussed, together with a summary of relevant literature 
concerning CI listeners’ use of static and dynamic spectral cues in speech. 
 
1.1 Overview of cochlear implants 
Cochlear implants are used for the treatment of severe to profound hearing loss.  While 
they provide many listeners with excellent speech understanding in quiet listening conditions, CI 
users vary considerably in their speech recognition abilities (Green et al., 2007; Caposecco et al., 
2012; Blamey et al., 2013).  In addition, speech understanding with a CI may be greatly reduced 
in the presence of background noise (Fu & Nogaki, 2005; Gifford & Revit, 2010; Percy et al., 
2013; De Ceulaer et al., 2014).  While many technological improvements have occurred over the 
last several decades, two key limitations still exist with respect to the electrical encoding of 
speech stimuli for CIs:  limited representation of some temporal cues in the coded signal, and 
poor spectral resolution.  Poorer than normal spectral resolution is widely considered to be the 
primary limiter for speech recognition performance in CI listeners (Fu et al., 1998; Shannon et 
al., 2004b; Wilson & Dorman, 2008).   
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Most psychophysical studies examining spectral acuity in CI listeners have used static 
stimuli, which do not change in pitch over time.  Such studies typically measure the ability of CI 
listeners to resolve spectral information using unmodulated pulse-train stimuli presented through 
a specialized research interface, bypassing the speech processor (McKay et al., 1999; Busby & 
Clark, 2000; Nelson et al., 2011).  As a result, the ability of CI listeners to resolve spectral 
information through their speech processors, which are used in everyday speech communication, 
has not been fully explored.  While several studies have measured frequency difference limens 
(FDLs) for acoustic pure tones through the speech processor in CI listeners (Gfeller et al., 2002; 
Wei et al., 2007; Pretorius & Hanekom, 2008); more work is needed to confirm and expand upon 
their findings.   
Even less is known about the ability of CI listeners to resolve spectral information from 
dynamic stimuli, such as pure tone glides, that change in pitch over time.  To date, no studies 
have examined glide detection for acoustic tones in the CI population.  However, several studies 
have evaluated the perception of glide-like stimuli using direct electrical stimulation (Luo et al., 
2010; 2012).  The ability to resolve frequency information from glided stimuli may have 
important implications for speech perception because dynamic speech cues (e.g., formant 
transitions, vowel inherent spectral change) are known to provide important cues to phoneme 
identity (Nearey, 1989; Jenkins & Strange, 1999; Jenkins et al., 1999).   
The central goal of the present study is to gain a better understanding of how static and 
dynamic spectral cues are perceived by CI users, for both simple (tonal) stimuli and complex 
stimuli that mimic real speech (i.e., synthetic vowels).  Our experiments characterize spectral 
acuity using five measures:  pure tone frequency difference limens (FDLs), pure tone frequency 
glide difference limens (FGDLs), pure tone glide direction identification thresholds (GDITs), 
3 
 
formant discrimination thresholds (FDTs), and formant-transition discrimination thresholds 
(FTDTs).  In addition to measuring spectral acuity using these five measures, relationships 
between measures were examined to determine (1) if discrimination thresholds for static stimuli 
predict those for dynamic stimuli, and (2) if discrimination thresholds for simple stimuli predict 
those for comparable (static or dynamic) complex stimuli.  
 
1.2 Sound processing in cochlear implants 
All current CIs employ the same basic components and overall design.  Acoustic signals 
in the listener’s environment are captured by a microphone that transduces them into electrical 
signals; the electrical signals are routed to a speech processor worn at ear level (similar to a 
behind-the-ear hearing aid) or carried separately by the listener (e.g., in a pocket).  The speech 
processor analyzes the incoming sound signal and encodes it for delivery to an array of 
electrodes implanted in the cochlea.  Communication between the speech processor and the 
electrode array is accomplished by an externally-worn headpiece that transmits information via 
radio frequency (RF) signals to an internal receiver-stimulator embedded in the skull.  Electrical 
pulses generated by the receiver-stimulator are delivered to electrode contacts along the 
implanted array in a manner that simulates the tonotopic arrangement of a normal cochlea (i.e., 
low frequencies to more apical electrodes and high frequencies to more basal electrodes).  
Electrical stimulation activates the primary auditory nerve fibers resulting in the sensation of 
sound (for a review see Zeng et al., 2008).  Contemporary cochlear implants employ a 
monopolar mode of stimulation in which currents delivered to electrodes along the intracochlear 
array are taken up through a return electrode located outside the cochlea, typically in the 
temporalis muscle. 
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Speech processors employ algorithms, referred to as speech processing strategies that 
determine how acoustic information is analyzed and encoded.  All current devices use a similar 
approach in which the incoming acoustic signal is bandpass filtered into a series of frequency 
bands or channels.  After the sound source is divided into separate channels, the temporal 
envelope in each channel is extracted and used to modulate a train of pulses delivered to an 
associated electrode along the implanted array.  The process of envelope extraction and pulse-
train modulation removes higher frequency temporal cues such as temporal fine structure, 
leaving only lower frequency temporal envelope cues intact.  As a result, CIs preserve only low-
frequency temporal envelope information (coded as amplitude changes over time) and degraded 
spectral information (coded as the pattern of envelope amplitudes across channels) (Zeng et al., 
2008).  Temporal cues associated with phase locking, which supplement place-based coding of 
spectral cues in acoustic listeners, are not available to CI users (Shannon et al., 2004b).  
 
1.3 Sources of reduced spectral resolution in contemporary cochlear implant systems 
Spectral resolution is limited by characteristics of the speech processing strategy as well 
as factors related to the interface between the electrode array and neural elements within the 
cochlea.  With respect to the speech processing strategy, the slopes of the bandpass analysis 
filters may degrade spectral resolution because broad filter slopes result in an overlap in 
frequency representation across adjacent channels (Pretorius & Hanekom, 2008).  The number of 
analysis filters, which determines their width, also impacts spectral resolution at the level of the 
speech processor.  This number is typically limited to the number of physical electrode contacts 
along the implanted array.  Since contemporary implants incorporate only 16-22 electrodes, the 
number of possible stimulation sites is reduced compared to  acoustic hearing (Shannon et al., 
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2004b).  However, several “number-of-channel” studies, discussed below, indicate that the 
number of available stimulation sites may not be the most important factor limiting speech 
perception in CI listeners (Friesen et al., 2001; Shannon et al., 2004a).         
On the other hand, intracochlear current spread is thought to significantly limit spectral 
resolution for CI listeners.  With monopolar stimulation, current is attenuated at a rate of 
approximately 3 dB per mm along the cochlear duct, resulting in a broader spatial distribution of 
activated nerve fibers than in acoustic hearing (Bingabr et al., 2008).  Broad spatial activation 
patterns associated with current spread result in channel interaction, i.e., an overlap in the neural 
populations stimulated by adjacent electrodes.  Broader spatial activation patterns and channel 
interaction are both thought to reduce spectral contrast (Tang et al., 2011), which results in 
poorer speech understanding, especially in noise (Loizou & Poroy, 2001; Bor et al., 2008). 
 
1.3.1 Recent attempts to improve spectral resolution in CI listeners 
Current steering and current focusing are two techniques aimed at improving spectral 
resolution in CI users by enhancing spatial stimulation patterns in the cochlea; however, both 
have demonstrated limited success.  Current steering, which is implemented in the Advanced 
Bionics Fidelity 120 speech processing strategy, attempts to improve the accuracy of spatial 
stimulation patterns by delivering the peak of a current field to locations between adjacent 
electrodes.  To accomplish current steering, pairs of adjacent electrodes are activated 
simultaneously, and the proportion of current delivered by each electrode is adjusted to steer the 
peak of the current closer to one electrode or the other. With current steering activated, the 
Fidelity 120 speech processing strategy can deliver the peak of a current field at up to 120 
different locations along the length of the electrode array (Nogueira et al., 2009).  As a result, 
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current steering may improve spectral resolution by allowing listeners to perceive a larger 
number of distinct pitches.  Most CI listeners can perceive one or more distinct pitches when a 
current peak is systematically steered between two adjacent electrodes (Busby & Plant, 2005; 
Donaldson et al., 2005; Firszt et al., 2007).  However, current steering has resulted in only small 
improvements in the perception of spectral cues in speech, and only in some subjects (Donaldson 
et al., 2011).  There is some evidence that benefits of current steering may be limited by the 
effects of current spread (Russell & Donaldson, 2010). 
Current focusing aims to improve spectral resolution by reducing intracochlear current 
spread.  Current focusing is accomplished by using a “tripolar” stimulation mode in which the 
two intracochlear electrodes adjacent to an active electrode are used as return electrodes, rather 
than using a return electrode outside the cochlea (see Zhu et al., 2012 for a review).  There is 
clear evidence that tripolar stimulation can reduce current spread and support sharper spatial 
tuning than monopolar stimulation (Berenstein et al., 2008; Berenstein et al., 2010; Zhu et al., 
2012).  However, several studies have demonstrated that current focusing does not provide 
consistent improvements in place-pitch discrimination (McKay et al., 1996; 1999) or speech 
recognition (Berenstein et al., 2008).  Because fewer neural elements are activated when tripolar 
stimulation is used, as compared to monopolar stimulation, larger current amplitudes are required 
to produce preferred loudness levels in CI users.  Thus, the need for higher current levels, which 
results in greater current spread, may negate the effects of current focusing in some CI listeners.  
When measured at similar loudness levels, Landsberger et al. (2012) found that current focusing 
can reduce current spread in some CI users but not in others.  Only those listeners who 
demonstrate a reduction in current spread with focused stimulation would be expected to 
demonstrate improved spectral resolution.   
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1.3.2 Individual factors thought to influence spectral resolution in CI listeners 
In addition to the limitations discussed above, other factors thought to impact spectral 
resolution vary across individual CI users.  For example, spiral ganglion cell (SGC) survival 
rates vary greatly among CI listeners.  Despite this variation, no correlation has been found 
between the total number of SGCs and speech recognition scores in CI users (Khan et al., 2005; 
Fayad & Linthicum, 2006; Xu et al., 2012).  On the other hand, large areas of poor survival or 
absent SGCs have been shown to negatively impact speech recognition (Shannon et al., 2001; 
Baskent & Shannon, 2006).  Such areas create neural “holes” where information may not be 
transmitted, and are presumed to result in distortion of spectral cues. 
Electrical stimulation levels required to activate spiral ganglion neurons is known to vary 
across individual CI listeners and also across different cochlear locations in a given listener. 
Higher stimulation levels may lead to more current spread and thus poorer spectral resolution.  In 
addition to individual differences in neural survival, variations in required current amplitudes 
may be influenced by the position of the electrode array within the scala tympani.  When 
electrode contacts are positioned closer to the modiolus, less current is required to activate spiral 
ganglion cells, resulting in reduced current spread (Cohen et al., 2001; Goldwyn et al., 2010). 
Individual differences in spectral resolution have been documented using several 
physiological and psychophysical measures.  Physiological measures, such as spatial tuning 
curves and spatial masking patterns, confirm that spatial resolution along the cochlea varies 
across individuals and electrodes (Cohen et al., 2003; Anderson et al., 2011; Nelson et al., 2011).  
In addition, the amount of current spread associated with different modes of stimulation has been 
shown to vary across individuals (Landsberger et al., 2012).   
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Electrode discrimination, pitch-ranking, and frequency discrimination are behavioral 
measures that quantify spectral resolution for static pulse trains or pure tones.  These measures 
are directly relevant to the proposed studies and will be discussed in Chapter 2.  An additional 
behavioral measure that has gained popularity in recent years is spectral ripple discrimination.  
This measure assesses listeners’ ability to resolve the spectral peaks of a broadband acoustic 
stimulus having a sinusoidally modulated spectrum (Henry & Turner, 2003).  Spectral ripple 
discrimination provides an index of spectral resolution based on the integration of information 
across multiple frequency channels (Anderson et al., 2011; Won et al., 2011).  Not surprisingly, 
CI listeners show poorer performance and more variability than normal-hearing (NH) listeners 
on spectral ripple discrimination tasks (Henry & Turner, 2003; Henry et al., 2005).  For example, 
Henry et al. (2005) reported that NH listeners achieved a mean threshold of 4.8 ripples per 
octave (RPO), with performance ranging from 2.0 – 7.6 RPO.  CI listeners in their study 
performed more poorly, with a mean threshold of 0.6 RPO and a range of 0.1-1.7 RPO.  Many 
studies have found that spectral ripple discrimination thresholds correlate well with speech 
recognition in CI listeners, supporting the notion that individual variability in speech recognition 
performance may be largely accounted for by variability in spectral resolution.  Because it uses 
an acoustic stimulus delivered through the speech processor, spectral ripple discrimination may 
be expected to correlate more strongly with speech recognition performance than measures using 
direct electrical stimulation. 
 
1.3.3 The number of available spectral channels and speech understanding 
Some of the earliest evidence that spectral resolution is limited in CI users stems from 
number-of-channel studies, which evaluate speech perception as a function of the number of 
9 
 
separate stimulation channels used in the bandpass filtering process.   For real CI users, such 
studies measure speech recognition performance while varying the number of active channels 
from 2 to 10 (or more), while maintaining a constant overall bandwidth.  In NH listeners, a 
similar procedure is followed, with noise-band vocoding used to simulate CI processing 
(Shannon et al., 1995).  For both NH and CI listeners, speech recognition performance increases 
monotonically as the number of available spectral channels is increased (Friesen et al., 2001) 
with asymptotic performance reached somewhere between 4 and 30 channels (Shannon et al., 
2004a). 
The number of channels required for a given level of performance varies with the 
difficulty of speech materials and whether speech stimuli are presented in quiet or noise 
(Shannon et al., 2004a).  For speech recognition in quiet, CI listeners reach asymptotic 
performance at 4 to 8 channels of stimulation, while NH listeners continue to improve as the 
number of available channels is increased up to 20 or more channels (Friesen et al., 2001; 
Shannon et al., 2004a; Xu et al., 2005; Bingabr et al., 2008).  A larger number of channels is 
needed to reach asymptotic performance for speech recognition in noise (Dorman et al., 1998; 
Shannon et al., 2004a).  In noise, CI listeners generally reach asymptotic performance at 7-10 
channels, while NH subjects continue to improve up to 16-20 channels (Friesen et al., 2001).  
These results may be surprising since contemporary implants include 16-22 electrode contacts, 
and most CI listeners are able to discriminate between all of the electrodes along their array.  
One possible explanation for this apparent dichotomy is that adjacent electrodes, while 
discriminable (McDermott & McKay, 1994), do not provide independent channels of 
information due primarily to current spread (Strydom & Hanekom, 2011). 
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1.4 Vowel perception in CI listeners 
Vowel perception depends strongly upon spectral cues related to formant frequency, and 
may reflect a listener’s ability to make use of both static and dynamic spectral cues.  For this 
reason, it has particular relevance to the present research.   
One of the most well-studied cues to vowel identity is formant frequency (Peterson & 
Barney, 1952). NH listeners can identify isolated vowels with a high degree of accuracy using 
only the center frequency of the first three formants (Pickett, 1999).  However, they make use of 
secondary cues, including vowel duration and vowel inherent spectral change (VISC; dynamic 
changes in formant frequency that occur during the vowel center), to disambiguate vowels with 
similar formant frequencies (Nearey, 1989; Morrison & Nearey, 2007; Rogers et al., 2012; 
Morrison, 2013).  When vowels are surrounded by consonants, dynamic spectral information in 
the initial and final formant transitions provide additional cues to vowel identity.  Seminal 
experiments using “silent-center” vowels have shown that NH listeners can identify vowels in 
consonant-vowel-consonant (CVC) syllables with relatively high degrees of accuracy when only 
the initial and final formant transitions are provided, even when vowel duration cues have been 
eliminated (Jenkins et al., 1983; Strange et al., 1983). Thus, NH listeners have access to at least 
three types of cues to support vowel identification in continuous speech:  1) quasi-static formant-
frequency cues that exist in the vowel centers, including VISC, 2) dynamic formant-frequency 
cues that exist in the formant transitions, and 3) vowel duration cues.     
CI listeners show a wide range of performance on vowel identification tasks, presumably 
reflecting individual differences in spectral resolution.  Most or all CI users are able to make use 
of vowel duration cues, and may rely on them even more heavily than NH listeners (Donaldson 
et al., 2015) as compensation for their impaired spectral resolution (Winn et al., 2012).  CI users 
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can also make use of quasi-static formant frequency cues to varying degrees (Donaldson et al., 
2013; 2015); however, their ability to make use of VISC cues is less clear.  Only two studies 
have investigated the use of VISC cues in CI listeners, and they have yielded conflicting results.  
Iverson et al. (2006) found that identification of /hVd/ syllables decreased when VISC 
information was removed, suggesting that CI users relied upon VISC cues when they were 
available.  In contrast, Winn et al. (2012) reported that CI listeners assign minimal perceptual 
weight to VISC cues. 
To date, only three studies have examined the ability of CI listeners to make use of 
formant transition cues in a vowel identification task (Kirk et al., 1992; Donaldson et al., 2013; 
2015).  All three studies found that CI users had more difficulty identifying vowels on the basis 
of formant transition cues as compared to quasi-static spectral cues from the vowel center.  
Importantly, Kirk et al. found that CI listeners who made better use of dynamic spectral cues 
within formant transitions had higher word recognition scores than those who were less able to 
use the dynamic cues.  This observation suggests that a better understanding of the factors 
limiting access to dynamic speech cues may be of significant importance to CI listeners. 
In Donaldson et al. (2013), vowel centers of CVC syllables were attenuated to silence, 
leaving only 20 milliseconds (ms) each of the initial and final formant transitions.  NH listeners 
maintained good vowel identification performance (72%) using only the syllable edges.  CI 
listeners showed much poorer performance (29%) when listening to the same silent-center 
stimuli.  However, vowel identification scores were above chance levels of performance for the 
CI listeners, indicating that they were able to extract at least some usable phonetic information 
from the brief segments of formant transitions provided.  Moreover, one subject with unusually 
good performance achieved scores that were only slightly below the average scores of the NH 
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listeners.  Taken together, these findings indicate that the ability of CI listeners to make use of 
brief dynamic speech cues is poor overall, but that individual performance is highly variable.    
Donaldson et al. (2015) replicated and extended the earlier study to examine the influence 
of formant transition duration on vowel identification performance.  Results from the follow-up 
study indicate that when the total duration of dynamic and static spectral cues is equated, some 
CI listeners achieve similar performance with both types of cues.  However, about a third of the 
CI listeners tested showed relatively poorer performance with dynamic cues (formant transitions) 
as compared to static cues (vowel centers).   
In summary, the existing literature suggests that CI listeners may have difficulty using 
formant transition cues in real speech because these cues are shorter in duration than the quasi-
static cues that occur in vowel centers.  However, the literature also suggests that spectral acuity 
may be inherently poorer for dynamic signals than for static signals in at least some CI listeners. 
To explore these alternatives, experiments in this dissertation examined several measures 
of static and dynamic spectral acuity at both short and long durations.  This allowed us to 
characterize dynamic spectral acuity in CI listeners and examine the extent to which dynamic 
spectral acuity can be predicted from static spectral acuity.  In addition, we examined the effect 
of stimulus complexity on spectral acuity by obtaining measures of static and dynamic spectral 
acuity in both simple (pure tone) and complex (speech-like) stimulus contexts. 
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Chapter Two:  
Static and Dynamic Spectral Acuity in Acoustic and Electric Hearing  
This chapter will review psychophysical measures of static and dynamic spectral acuity, 
for both simple (tonal) and complex (speech-like) stimuli.  The existing literature will be 
summarized, and the need for additional investigation of these measures in CI users will be 
discussed.   
 
2.1 Static spectral acuity  
Static spectral acuity refers to the ability to resolve pitch information from signals that are 
constant over time.  Static spectral acuity may be measured with simple stimuli, which contain a 
single frequency component, or complex stimuli, which contain more than one frequency 
component.  In acoustic hearing, the primary psychophysical measure used to assess static 
spectral acuity for simple stimuli is the frequency difference limen (FDL).  Measures of spectral 
acuity for complex stimuli are less common and there is no prominent measure of this type; 
however, as described below, formant discrimination thresholds (FDTs) have been investigated 
rather extensively in normal-hearing listeners, and will be used in the present experiments. 
 
2.1.1 Frequency discrimination in acoustic listeners 
FDLs reflect the smallest change in pure tone frequency that a listener can reliably detect, 
thereby providing a direct measure of static spectral acuity for a simple (single-frequency) 
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stimulus.  FDLs are typically measured using a three-interval, two-alternative forced choice 
(3I2AFC), or four-interval, two-alternative forced choice (4I2AFC) paradigm.  In the 3I2AFC 
paradigm, the listener hears three tones, the first of which is always the reference.  One of the 
following two tones will be randomly selected to contain the target, and the other will contain 
another reference tone.  The listener is instructed to identify the tone that is different from the 
initial reference tone.  In the 4I2AFC paradigm, listeners are presented with two pairs of tones.  
One pair contains two identical reference tones and the other pair contains both the reference and 
the target tone.  The listener is instructed to identify the pair that includes two different tones.  A 
2-down 1-up adaptive tracking procedure is typically used to adjust the frequency of the target 
tone, so that the FDL estimates the 71 percent-correct point on the underlying psychometric 
function (Levitt, 1971).  
FDLs are remarkably small in NH listeners, especially at lower frequencies. In their 
seminal study, Wier et al. (1977) examined the influence of reference frequency and sensation 
level on FDLs in four NH listeners.  Each subject received at least 20 hours of training prior to 
testing.  At moderate stimulus levels, FDLs for lower reference frequencies (200 Hz – 2 kHz) 
were found to be approximately constant across frequency, ranging from 1-2 Hz.  At higher 
frequencies (4 kHz and 8 kHz), FDLs increased with frequency and were best characterized as a 
constant percentage of reference frequency (Wier et al., 1977).  Wier et al.’s key findings were 
subsequently confirmed by several other investigators (Johnson, 1980; Moore & Glasberg, 
1989).   
In acoustic hearing, FDLs appear to depend upon two mechanisms, a place-based 
(tonotopic) mechanism and a temporally-based (phase-locking) mechanism.  Place-based 
mechanisms were described by Zwicker, who suggested that frequency discrimination relies 
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upon detection of changes in the basilar membrane excitation pattern (Zwicker, 1970).  
According to Zwicker’s model, a change in pure tone frequency can be detected when the 
tonotopic shift in the excitation pattern causes a criterion change in excitation along its steeper 
(apical) edge.  Zwicker suggested that this criterion change corresponds to approximately a 1 dB 
change in stimulus level.  Although Zwicker’s model accurately predicts FDLs for reference 
frequencies above 5 kHz, it tends to overestimate FDLs at lower frequencies (Moore, 1973).  
Improved performance at lower frequencies is commonly attributed to temporal information 
from phase-locking, which supplements the place-based mechanism.  At higher frequencies, 
phase-locking is less salient and frequency discrimination is thought to rely exclusively upon the 
place-based mechanism, consistent with Zwicker’s model (cf. Moore & Ernst, 2012). 
Stimulus duration and level have also been shown to systematically influence FDLs in 
acoustic hearing.  At very short durations (<10 ms), FDLs worsen rapidly as duration is 
decreased.  At longer durations (> 10 ms), FDLs improve gradually with increasing duration and 
reach asymptotic values at approximately 200 ms (Hall & Wood, 1984; Freyman & Nelson, 
1986).  Similarly, FDLs in NH listeners improve as stimulus intensity is increased from 5 dB 
sensation level (SL) up to approximately 30 dB SL (Wier et al., 1977; Wakefield & Nelson, 
1985).  At higher levels, FDLs are not influenced by further changes in intensity.   
 
2.1.2 Frequency discrimination and related measures in CI listeners 
Although FDLs have been measured in a few studies in CI users (see below), static 
spectral acuity has been studied more extensively using electrode discrimination and pitch-
ranking procedures that employ direct electrical stimulation, bypassing the speech processor.  In 
electrode discrimination, which is typically performed with a 3AFC procedure, the listener is 
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asked to discriminate otherwise identical stimuli that are presented at different electrode 
locations along the implanted array.  Pitch-ranking typically uses a 2AFC procedure to 
systematically vary the spatial distance between a reference and experimental stimulus.  Subjects 
are asked to identify the stimulus that is higher in pitch or “sharper” than the reference.  In 
addition to indexing the ability to discriminate between stimuli presented at different cochlear 
locations, pitch-ranking studies can also confirm that pitch is being coded in the expected 
tonotopic sequence within the cochlea.  
Electrode discrimination and pitch-ranking studies have resulted in similar findings 
regarding estimates of place-pitch sensitivity (Nourski & Brugge, 2011).  While most subjects 
are able to discriminate adjacent electrodes along the entire length of the implanted array, some 
require substantially larger changes in location of stimulation before a change can be detected 
(Nelson et al., 1995; Busby & Clark, 2000; Donaldson & Nelson, 2000).  In addition, some 
subjects may demonstrate good place-pitch discrimination in one region of the electrode array 
but poor discrimination in others (Busby & Clark, 2000). 
Overall, pitch-ranking studies confirm the expected place-pitch relationship for most CI 
listeners, with pitch decreasing monotonically as stimulation is moved from basal to apical 
electrode locations (Nelson et al., 1995; Donaldson et al., 2005).  However, there is considerable 
variability, both between and within subjects, in the minimum cochlear distance required to 
produce discriminable percepts.   
Because electrode discrimination and pitch ranking measures use direct electrical 
stimulation, they cannot account for limitations to spectral acuity that may be imposed by the 
speech processor.  On the other hand, FDLs are a nearly identical measure of spectral acuity and 
are obtained through the speech processor.  Therefore, the few studies that have measured FDLs 
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in CI listeners may provide insight into the influence of speech processing on static spectral 
acuity.  Findings from Pretorius and Hanekom (2008, discussed below) suggest that factors 
associated with the speech processor may degrade spectral acuity, which would result in poorer 
performance for measures presented through the speech processor compared to those using direct 
electrical stimulation.  However, Russell and Donaldson (2010) directly examined this issue and 
found that factors related to the speech processor do not substantially influence pitch ranking 
estimates.  Therefore, FDLs (measured through the speech processor) are expected to resemble 
estimates of pitch ranking obtained using direction electrical stimulation.   
Russell and Donaldson (2010) examined the influence of factors associated with the 
speech processor and speech processing strategy on spectral acuity in four CI listeners.  Effects 
of the speech processor were examined by comparing electric pitch-ranking (EPR) thresholds 
measured with direct electrical stimulation to acoustic pitch-ranking (APR) thresholds measured 
in soundfield with a clinical speech processor.  APRs were measured using both the HiRes and 
Fidelity120 speech processing strategies.  Fidelity 120 differs from HiRes not only in its 
implementation of current steering but also because it uses steeper bandpass filter slopes than 
HiRes.  Findings indicated that pitch-ranking thresholds were not systematically influenced by 
the speech processor (EPR vs. APR conditions), or by the speech processing strategy (APR-
HiRes vs. APR-Fidelity120).  To better understand these results, simulations of current spread 
were generated for each condition.  These simulations indicated that current patterns were 
relatively similar across the three stimulation conditions (EPR, APR-HiRes and APR-
Fidelity120), consistent with the corresponding behavioral thresholds.  Overall, these findings 
suggest that when monopolar stimulation is used, pitch-ranking thresholds are limited primarily 
by current spread, rather than factors associated with the speech processor. 
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Gfeller et al. (2002) measured FDLs for 3 NH and 16 CI listeners at 5 reference 
frequencies ranging from 200 to 3,200 Hz.  NH subjects had relative FDLs of less than 1%, 
consistent with findings of other studies using similar procedures (e.g. Wier et al., 1977).  
Overall, CI listeners showed poorer performance and larger variability than the NH group, with 
relative FDLS ranging from 2% to 100%.  Several CI subjects demonstrated much better 
performance than the others, exhibiting relative FDLs of 2-3% across all of the frequencies 
tested.  Interestingly, Gfeller found that FDLs were not a good predictor of complex pitch 
discrimination, supporting the notion that spectral acuity for complex stimuli cannot be 
accurately predicted from FDLs alone. 
Wei et al. (2007) measured FDLs for 17 CI subjects using reference frequencies ranging 
from 250 to 4,000 Hz in octave steps.  CI listeners showed larger FDLs and more variability than 
a comparison group of NH listeners described in an earlier report (Zeng et al., 2005).  Average 
FDLs in CI listeners were approximately 100 Hz across all frequency locations, ranging from 12 
to 192 Hz.  The finding that CI users’ FDLs did not vary with frequency in Wei et al. is 
unexpected.  Because speech processor analysis filters are arranged in a manner that mimics the 
logarithmic organization of the normal cochlea, and CI listeners must rely on place of 
stimulation alone to perform an FDL procedure, FDLs may be expected to increase with 
frequency.  However, Wei et al.’s finding that average FDL performance did not vary with 
frequency may have limited significance given the large amount of individual variability 
observed among their subjects.  Unpublished pilot data from our lab indicate that CI listeners’ 
FDLs do tend to increase with frequency, as expected. 
Pretorius and Hanekom (2008) measured FDLs in 5 CI subjects using reference 
frequencies that fell at several frequency locations within the speech processor’s bandpass 
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analysis filters:  the center of the filter, the crossover frequencies between filters, and two 
additional frequencies between each center and crossover frequency.  As in previous studies, CI 
listeners exhibited larger FDLs and greater individual variability than NH listeners.  
Interestingly, CI listeners were able to discriminate stimuli that fell within the same analysis 
filter without the use of current steering.  This finding was attributed to the shallow slopes of the 
analysis filters, which caused outputs to be generated in several adjacent channels rather than 
being limited to the single channel primarily associated with a given stimulus (McDermott, 2004; 
Pretorius & Hanekom, 2008).  Pretorius and Hanekom speculated that listeners were able to 
discriminate stimuli that nominally fell within a single frequency channel by monitoring 
amplitude changes across two or more adjacent channels. 
Factors that limit spectral acuity for simple stimuli in CI listeners, such as current spread, 
likely contribute to poor spectral acuity for more complex stimuli such as speech.  However, as 
noted earlier, Gfeller et al. (2002) found that pure-tone FDLs were unable to predict complex 
pitch thresholds in CI users, suggesting that FDLs may also fail to predict listeners’ ability to 
resolve spectral information in speech, such as formant frequency location.  It might be expected 
that pure tones and formants would generate different estimates of spectral acuity because 
formants have wider bandwidths than tonal stimuli and are typically presented within a multi-
formant stimulus (i.e., with energy in adjacent frequency regions) which may force listeners to 
use different cues for discrimination.  For example, CI listeners may perform an FDL task by 
monitoring level differences across adjacent frequency channels.  However, this cue may be 
obscured when energy is present in frequency regions surrounding a target formant, making the 
task more difficult.   
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Because improved speech understanding is the primary goal of cochlear implantation, it 
is important to assess spectral acuity in CI users using complex, speech-like stimuli, as well as 
simple stimuli.  One way this can be accomplished is by measuring formant discrimination 
thresholds.  As described below, this technique has been used extensively in acoustic hearing 
(Kewley-Port & Watson, 1994; Kewley-Port, 1995; Sommers & Kewley-Port, 1996; Kewley-
Port, 2001) and has been shown to be feasible in CI users (Rogers et al., 2013). 
 
2.1.3 Formant discrimination in acoustic hearing listeners  
Formant discrimination provides a measure of static spectral acuity within a speech-like 
context. More specifically, a formant discrimination threshold (FDT) represents the smallest 
change a listener can detect in the spectral location of a single formant frequency within a 
synthetic vowel.  A series of studies by Kewley-Port and colleagues have studied formant 
discrimination extensively in NH listeners. 
In their seminal study, Kewley-Port and Watson (1994) measured FDTs in highly trained 
young NH listeners using a minimal uncertainty procedure.  Reference stimuli consisted of ten 
monophthongal English vowels created with Klatt synthesis, modeled after a female speaker.  
Comparison stimuli were generated by increasing or decreasing the center frequency of the first 
or second formant (F1 or F2) in equal logarithmic steps.  FDTs were measured using a modified, 
three interval, two-alternative forced-choice (3I2AFC) adaptive task with feedback.  Adaptive 
tracking was used to obtain thresholds that estimated 71% correct performance (Levitt, 1971).   
Because the authors wished to determine optimal thresholds, training and testing 
procedures were fairly exhaustive.  Test blocks consisted of 70 stimuli.  Target vowel and 
direction of formant change were constant within each block, reflecting the authors’ minimal 
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uncertainty approach.  Training consisted of 10 to 20 practice blocks.  After training, test blocks 
were completed until stable performance was observed, with each subject completing between 8 
and 20 blocks.  FDTs were calculated by averaging threshold estimates from the last three to four 
blocks in a given condition.   
Several follow-up studies have attempted to determine the amount of training necessary 
to arrive at stable formant discrimination thresholds, with inconsistent results (Kewley-Port & 
Zheng, 1999; Kewley-Port, 2001).  Findings from Kewley-Port and Zheng (1999) suggest that 
more than 7 hours of training may be needed to obtain peak performance for FDTs.  On the other 
hand, Kewley-Port (2001) found that some untrained listeners achieved performance levels 
similar to those of highly-trained listeners (36 hours of training) within one hour of testing. 
 The FDTs reported by Kewley-Port and Watson (1994) and later studies (e.g., Kewley-
Port, 1995; Kewley-Port & Zheng, 1999) are well described by a two-part linear function 
(Kewley-Port et al., 1996).  In the F1 region (250 – 875 Hz) FDTs are relatively constant, at 
about 14.5 Hz.  In the F2 region (1,175 – 2,900 Hz) FDTs increase linearly with frequency and 
are approximately 1.5% of the F2 reference frequency.  Both increments and decrements were 
assessed for each formant, but thresholds were not significantly different for the two conditions.      
 FDTs vary with reference frequency in a way that is analogous to that reported previously 
for pure tone FDLs (Wier et al., 1977; Kewley-Port & Watson, 1994), suggesting that similar 
mechanisms may underlie both tasks.  However, FDTs are significantly larger than FDLs that are 
obtained with stimuli having similar durations and levels.  Larger thresholds may be expected for 
FDTs because formants are wider in bandwidth than pure tones, and static spectral acuity has 
been shown to decrease as bandwidth is increased (Gagné & Zurek, 1988; Laneau et al., 2006).  
Also, Liu (2011) found that when level roving was employed to force listeners to rely solely 
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upon spectral information, FDTs presented in a speech-like context (with surrounding formants), 
were significantly smaller than FDTs for the same formants presented in isolation. This finding 
suggests that FDTs measured in a speech-like context reflect a different perceptual strategy than 
FDLs; one possibility is that FDTs make use of profile analysis (Green et al., 1984) which 
requires the listener to monitor the stimulus across a broad spectral range.  
Two studies have measured FDTs in hearing-impaired (HI) listeners with mild-to-
moderate cochlear hearing loss, using stimuli comparable to those used by Kewley-Port and 
Watson (1994).  Coughlin et al. (1998) and Richie et al. (2003) both found that FDTs in the F1 
range did not differ between NH and HI subjects.  However, FDTs in the F2 range were 
approximately twice as large in both younger (Richie et al., 2003) and older (Coughlin et al., 
1998) HI listeners as in NH listeners.  Reduced performance for F2 formant discrimination in HI 
subjects has been attributed to reduced audibility (Richie et al., 2005) in addition to impaired 
frequency selectivity (Woodall & Liu, 2013).  Audibility is typically near normal in CI users; 
however, reduced frequency selectivity would be expected to produce larger than normal FDTs 
in CI users, similar to those observed in some HI listeners.   
 
2.1.4 Formant discrimination in CI listeners  
To date, no published studies have reported FDTs in CI listeners.  However, a 
preliminary study completed recently in our laboratory measured FDTs in the F2 frequency 
region for three CI listeners and three NH listeners (Rogers et al., 2013).  The primary goal of the 
study was to confirm the feasibility of measuring FDTs in CI users.  Procedures and stimuli were 
modeled after Kewley-Port and Watson (1994).  However, a screening task indicated that some 
CI listeners were likely to require larger ranges of F2 frequencies than those used by Kewley-
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Port and Watson (1994).  As a result, the F2 frequency range of each target vowel was expanded 
by using either the maximum or minimum F2 frequency (rather than the mid-point frequency) as 
the reference for the FDT task.  In addition, training and test times were reduced compared to 
those used by Kewley-Port and Watson (1994) to facilitate subject participation and because 
some CI listeners were expected to fatigue more easily than NH listeners.  Although subjects 
were not highly trained, a screening task completed during the first session served to familiarize 
subjects with the FDT procedure.  
Formant discrimination thresholds were measured for both increments and decrements of 
F2 in three target vowels (/ʌ, ӕ, I/).  Three to four test sessions were required, with each session 
lasting approximately 2.5 hours.  A 3I2AFC adaptive procedure was combined with a 2-down, 1-
up stepping rule that targeted 71% correct performance (Levitt, 1971).  Test blocks consisted of 
80 trials and F2 FDTs were estimated by taking the average of the final 6 reversals in each block.  
For each condition, six blocks were obtained before moving to the next stimulus condition.  Test 
order was randomized across subjects.  Results were examined for possible training effects, and 
it was determined that thresholds were stable over time and did not vary systematically as the 
listener accumulated experience with the task.  As a result, average FDTs were calculated based 
upon each subject’s average FDTs across all 6 test blocks.    
On average across all three vowels, F2 FDTs for the NH listeners were 2.4% of the 
reference frequency, which is slightly higher than the 1.5% reported by Kewley-Port and Watson 
(1994) for highly trained NH listeners.  However, the NH listeners in our preliminary study 
showed a pattern of results that were quite similar to those of Kewley-Port and Watson (1994).  
Specifically, FDTs increased with frequency, and when FDTs were plotted as a function of 
reference frequency, the slope of the resulting function was similar to that reported in their study.   
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FDTs were successfully measured in all three CI listeners.  Two of the CI listeners 
exhibited a pattern of results similar to that observed in the NH listeners, in which FDTs 
increased with frequency.  For these two CI listeners, FDTs corresponded to approximately 4% 
of the reference frequency and were about 70% larger than those found in our NH listeners.  
Results from one of these two CI listeners are shown in Figure 1.  Mean data from the highly 
trained NH listeners of Kewley-Port and Watson (1994), and from our NH listeners, are also 
displayed.   
 
  
Figure 1. Formant frequency discrimination (Hz) for three vowels examined in Rogers et al. 
(2013).  Diamonds represent FDTs for a single CI listener.  Squares represent average FDTs for 
3 NH listeners.  The dashed line represents average FDTs for highly-trained NH listeners in 
Kewley-Port and Watson (1994).   
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The third CI user in our preliminary study demonstrated a different pattern of results; 
performance approached NH values in one frequency region but was substantially enlarged in 
another.  Interestingly, place pitch and FDL measurements obtained in a previous study indicated 
that this listener had relatively good spectral acuity in the frequency region where enlarged F2 
FDTs were observed.  This finding supports the notion that measures of static spectral acuity 
obtained with simple stimuli may not predict static spectral acuity for more complex stimuli.   
  In addition to extending our preliminary findings for FDTs in CI users, the present 
research compares FDTs with pure tone FDLs to evaluate the relationship between static spectral 
acuity for simple and complex stimuli.  This analysis has the potential to reveal whether CI 
users’ ability to process spectral cues in speech is influenced by the complex nature of the speech 
signal beyond the basic limitations to spectral resolution known to exist for CI users.  Because 
FDTs appear to be relatively similar for increments and decrements, in both NH listeners and CI 
users, FDTs in the current study were measured using decrements only, for a vowel (ʌ) having a 
reference F2 center frequency identical to the reference frequency used in the FDL task  
(1.5 kHz). 
 
2.2 Dynamic spectral acuity 
Beyond static signals, the current study investigates dynamic spectral acuity, which 
requires listeners to resolve pitch information from signals which change over time.  Compared 
to static spectral acuity, much less is known about processing of dynamic stimuli.  Similar to 
static spectral acuity, dynamic spectral acuity can be measured using either simple or complex 
stimuli.  The primary psychophysical measure used to assess dynamic spectral acuity for simple 
stimuli is the frequency glide difference limen (FGDL).  There is no predominant measure of 
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dynamic spectral acuity which employs a complex stimulus; however, the formant transition 
discrimination threshold (FTDT) may be used for this purpose and was selected for the present 
study. 
 
2.2.1 Frequency glide discrimination in acoustic hearing 
Frequency glide difference limens (FGDL) reflect the smallest change in pure tone 
frequency that a listener can reliably detect within a glided stimulus, thereby providing a direct 
measure of dynamic spectral acuity.  While all glided stimuli move from a starting frequency to a 
higher or lower ending frequency in a continuous fashion, a variety of methods have been used 
to measure FGDLs.  Unless otherwise noted, we will use the term frequency glide difference 
limen (FGDL) to refer to the smallest change in the onset-to-offset frequency of a glide that 
allows a listener to determine that the glide is not a steady tone (in an identification task), or to 
discriminate the glide from a steady tone having the same center frequency (in a discrimination 
task).  We will use the term frequency extent to refer to the change in frequency from the onset to 
the offset of the glide, specified in Hz. 
There is growing support that at least two different mechanisms are used for the 
processing of glided stimuli, an endpoint comparison mechanism and a rate-of-change 
mechanism (Porter et al., 1991; Lyzenga et al., 2004).  In the endpoint comparison mechanism, 
the listener is thought to integrate short segments or “samples” of a glide near its endpoints; 
discrimination is then performed by comparing the average frequencies of the two integrated 
samples.  Similar to frequency discrimination for static stimuli, the endpoint comparison 
mechanism is thought to operate on place-based cues supplemented by temporal cues at low to 
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mid frequencies.  Frequency glide discrimination can theoretically be performed using endpoint 
cues whenever the glides to be compared differ in their onset or offset frequencies.  
The rate-of-change mechanism is thought to be sensitive to the rate of frequency change 
within a glided stimulus, with faster rates of change providing more salient cues for glide 
discrimination.  The existence of a rate-of-change mechanism is supported by evidence that 
listeners can discriminate glides even when endpoint cues are obscured by roving frequency 
(Madden & Fire, 1996; Madden & Fire, 1997) or level (Moore & Sek, 1998).  In addition, a 
recent imaging study confirmed the existence of cells in the human auditory cortex that 
selectively respond to frequency glides (Hsieh et al., 2012).  This finding suggests that dynamic 
stimuli activate neural pathways not involved in the processing of static tones. 
Unlike the endpoint comparison mechanism, the rate-of-change mechanism is thought to 
operate exclusively through place-based information, with the listener monitoring changes in the 
excitation pattern over time (Dooley & Moore, 1988b; Madden & Fire, 1997; Thyer & Mahar, 
2006).  Consistent with this notion, glides thought to be processed with the rate-of-change 
mechanism do not show the same frequency dependence as FDLs, presumably because temporal 
information does not contribute to listeners’ performance (Madden & Fire, 1996; Madden & 
Fire, 1997; Moore & Sek, 1998).  It has been suggested that temporal information does not 
contribute to the rate-of-change mechanism due to a “sluggish” temporal integrator, which is 
unable to track rapid changes in stimulus frequency (Sek & Moore, 1995).  As discussed below, 
specific glide parameters, such as duration, appear to influence which mechanism (endpoint 
comparison or rate-of-change) is invoked for processing specific glides.    
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2.2.2 Duration-dependent mechanisms for frequency-glide processing 
More work is needed to fully understand how the endpoint comparison and rate-of-
change mechanisms contribute to FGDLs for glide stimuli having different durations.  One 
theory, supported by Porter et al. (1991), is that longer glides are processed with the endpoint 
comparison mechanism and shorter glides are processed with the rate-of-change mechanism.  
However, a review of the literature indicates that the duration at which glides begin to reflect 
primarily the endpoint comparison mechanism is 150-ms rather than 300 ms as suggested by 
Porter et al. (Dooley & Moore, 1988a; Lyzenga et al., 2004; Hickok & Poeppel, 2007; Demany 
et al., 2009; Hsieh et al., 2012).   
 As discussed in detail by Porter et al. (1991), evidence for the role of the endpoint 
comparison mechanism in processing longer glides stems primarily from similarities between 
FGDLs and FDLs at longer stimulus durations.  That is, for longer glides (> 150 ms), FGDLs are 
similar in magnitude, and are influenced by duration and frequency in the same manner as FDLs 
(Sergeant & Harris, 1962; Pollack, 1968; Tsumura et al., 1973).  As duration is decreased below 
150 ms, however, FGDLs are less similar to FDLs, and appear to rely at least in part upon the 
rate of change mechanism (Nabelek & Hirsh, 1969; Lyzenga et al., 2004).  For example, Madden 
and Fire (1996) found that FGDLs with 50-ms durations did not improve systematically at lower 
frequencies where temporal cues due to phase locking are available. 
Figure 2 displays data from several studies whose results are consistent with duration-
dependent mechanisms for frequency-glide processing.  FDL results from two studies are also 
displayed for comparison.  In general, these data show that FGDLs (solid lines, closed symbols) 
increase more substantially as duration is decreased than FDLs (dashed lines and open symbols) 
and that FGDLs begin to approximate FDLs at longer stimulus durations.  Note that frequency 
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roving was used in several of these studies (see figure legend), which may have increased 
FGDLs relative to FDLs at longer durations.  One study that measured FDLs and FGDLs in the 
same subjects, using comparable procedures (Demany et al., 2009), found that FDLs were 
similar to FGDLs at 250 ms.  Overall, the data in Figure 2 support the notion that shorter glides 
are processed using the rate-of-change mechanism and longer glides are processed using the 
endpoint comparison mechanism. 
 
Figure 2. FGDLs and FDLs as a function of duration at a center frequency of 1 kHz.  FDLs from 
three studies are represented by open symbols, and where applicable, connected by a dashed line.  
FGDLs are represented by solid symbols connected by a solid line. 
 
A study by Dooley and Moore (1988a) directly compared FDLs and FGDLs at several 
durations in the same listeners.  They found that glide FGDLs decreased as duration increased 
from 50 to 100 ms, consistent with a duration-dependent endpoint comparison mechanism for 
glide processing.  However, they also found that FGDLs were larger than FDLs at all durations 
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tested, which suggests that glides and steady tones are processed by different mechanisms, 
regardless of duration.   
More recently, functional imaging studies have provided substantial support for a model 
of auditory processing in which sounds are analyzed on two distinct timescales.  According to 
the asymmetric processing in time (AST) model, short duration signals (25-50-ms) are processed 
by the ventral stream, and longer duration signals (200-300 ms) are processed by the dorsal 
stream (Poeppel, 2003; Nourski & Brugge, 2011; McGettigan & Scott, 2012).  Consistent with 
the view of Porter et al. (1991), the stream that analyzes shorter duration sounds has been shown 
to be more sensitive to temporal information (which would be found in glides), and the stream 
that analyzes longer signals is more sensitive to spectral information (Boemio et al., 2005; 
Hickok & Poeppel, 2007).   
 
2.2.3 Duration-independent rate-of-change mechanism 
Some authors have theorized that FGDLs are processed exclusively with the place-based 
rate-of-change mechanism regardless of glide duration (Moore & Sek, 1998; Madden and Fire, 
1997).  Studies supporting the notion of a single rate-of-change mechanism have typically used 
frequency roving to ensure that listeners cannot make use of endpoint comparison cues 
(discussed below).  Consequently, the use of frequency roving may account for the some of the 
differences observed between these studies and those shown in Figure 2 that support the view of 
Porter et al. (1991). 
Studies supporting a duration independent rate-of-change mechanism have found that 
FGDLs do not vary significantly across frequency when expressed as a constant proportion of 
reference frequency.  This finding has been interpreted to support a single, place-based 
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mechanism of frequency-glide processing, since place-based models would predict this finding.  
However, these studies also show a general trend for thresholds to increase at 6 kHz, which 
reached statistical significance in one study (Moore and Sek, 1998).  This finding suggests that 
even when endpoint cues are obscured, temporal information from phase locking (which is 
primarily limited to frequencies below 4 kHz) may contribute in some way to FGDL 
performance.   
Findings from studies supporting a duration independent rate-of-change mechanism are 
displayed in Figure 3.  Note that FGDLs were measured using frequency roving in all of these 
studies and that FGDLs are expressed as a proportion of reference frequency (∆Hz/ERB).  
Longer duration stimuli (400 ms) are represented by solid lines, whereas shorter duration stimuli 
(50-ms) are represented by dashed lines.  The important feature of these data is that there is no 
clear trend for longer stimuli to yield poorer FGDL performance than shorter stimuli.  In 
addition, FGDLs expressed as a proportion of their center frequency are approximately constant 
between 500 and 4 kHz.  
 
Figure 3. FGDLs as a function of center frequency for short and long duration glides.  Solid lines 
represent FGDLs obtained using 400- or 500-ms stimuli.  Dashed lines represent FGDLs 
obtained using 50-ms stimuli.  All three studies employed frequency roving; Madden and Fire 
(1996) and Madden and Fire (1997) used a 10% rove and Moore and Sek (1998) used a 2 ERB 
rove. 
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Taken together, the studies described in this and the previous section appear to support 
the following statements regarding the mechanisms underlying frequency-glide processing in 
normal-hearing listeners:   
1)  At longer glide durations, listeners make use of endpoint comparison cues when they 
are available.  However, when endpoint cues are obscured with frequency roving, 
FGDLs are mediated by a rate-of-change mechanism and are independent of duration.  
 2)  At shorter glide durations, endpoint comparison cues are less robust; therefore, 
listeners are forced to rely exclusively on the rate-of-change mechanism.   
3)  The contribution of temporal cues to frequency-glide discrimination is still uncertain.   
 
 The present study will further investigate the contributions of temporal cues to FGDL 
performance by measuring FGDLs in both NH listeners, who have temporal information 
available, and CI listeners, who do not.  
 
2.2.4 Effects of frequency roving on FGDLs in NH listeners  
The nature of the discrimination task may also influence the mechanisms available to 
listeners when performing frequency-glide discrimination. For example, it has been suggested 
that listeners may rely upon endpoint comparison cues when FGDLs are measured using 
reference and comparison glides with the same center frequency.  In this scenario, the listener 
would sample the pitch associated with the onset or offset of the glide and then compare the 
pitch associated with this endpoint, to the pitch of the reference tone.  Because this 
discrimination strategy can allow the listener to perform the glide-discrimination task without 
directly attending to the dynamic aspect of the glide, endpoint comparison cues are considered to 
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be detrimental to FGDL assessment.  Endpoint comparison cues should  not to be confused with 
the endpoint comparison mechanism discussed above, which involves sampling endpoints within 
a single, glided (or static) stimulus in order to discriminate two glides or distinguish a glide from 
a static tone.  Rather, endpoint comparison cues refer to the sampling of endpoint frequencies 
across stimuli, i.e., comparing the offset frequency of one glide to the onset frequency of a 
subsequent glide.   
Frequency roving prevents listeners from relying upon endpoint comparison cues by 
varying the center frequency of each stimulus in a trial over a pre-determined range.  Because 
endpoint cues are no longer available, the listener is forced to attend to frequency changes within 
a single stimulus when performing the glide discrimination task.   
Three studies have systematically examined the effect of frequency roving on FGDLs, 
and all three have shown that roving significantly increases thresholds (Madden & Fire, 1996; 
Moore & Sek, 1998; Sek & Moore, 1999).  For example, Moore and Sek (1998) examined the 
effect of frequency roving on FGDLs across a span of rove ranges.  They found that, compared 
to unroved stimuli, a rove range of 0.5 ERBs (6% of center frequency) resulted in a significant 
increase in FGDLs.  Increasing the rove range from 0.5 ERBS to 2 ERBs did not result in a 
further increase in FGDLs.  However, a frequency rove range of 4 ERB resulted in FGDLs that 
were approximately two times larger than those obtained with a 2 ERB frequency rove range.  
With the exception of very large rove ranges (≥ 4 ERB) the effect of frequency roving on FGDLs 
appears to be relatively small.  For example, in Moore and Sek (1998), non-roved thresholds 
were 2% of center frequency, and those obtained using a 2 ERB rove range were 3.2%.   
Although never examined, the amount of frequency roving required to obscure endpoint 
cues may be expected to vary with spectral acuity.  Moore and Sek (1998) found that a rove 
34 
 
range of 0.5 ERBs was adequate to obscure endpoint comparison cues in NH listeners.  At  
1 kHz, this constitutes a rove range of approximately 60 Hz, which is smaller than the expected 
FDL for many CI listeners (Gfeller et al., 2002; Wei et al., 2007).  Therefore, it seems unlikely 
that a similar rove range (0.5 ERB) would be adequate to obscure endpoint cues for CI listeners, 
and that a larger frequency rove range would be needed.  
Because FGDLs have been shown to systematically increase with increasing frequency 
rove range in NH listeners, the use of frequency roving is problematic for the current study.  
Using a large frequency rove for both listener groups would likely affect NH listeners 
disproportionally to CI listeners, and additional conditions would be needed to ensure that 
endpoint cues were obscured for the CI listeners.  Therefore, we will use a different approach to 
prevent listeners from relying on endpoint cues to perform the glide discrimination task.  
Specifically, we will use a single-interval procedure in which the listener hears either a static 
tone or a glided tone on a given trial, but not both.   We believe that the single-interval procedure 
is preferable to the use of frequency roving, because frequency roving may have differential 
effects on performance across individuals or groups (NH versus CI) which would complicate the 
interpretation of our findings.   
 
2.2.5 FGDLs for rising versus falling glides in NH listeners 
Studies examining the influence of glide direction (rising vs. falling) on FGDL 
performance have yielded mixed results.  Some studies have reported smaller FGDLs for rising 
glides (Schouten, 1985; Madden & Fire, 1997).  Others have reported better performance with 
falling glides (Dooley & Moore, 1988b; Dooley & Moore, 1988a) or that glide direction has no 
significant effect on FGDLs (Nabelek & Hirsh, 1969; Arlinger et al., 1977; Moore & Sek, 1998).  
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Importantly, when differences between FGDLs measured with rising and falling are reported, 
they are typically small and asymmetries are found only for a subset of conditions.  Taken 
together, these findings suggest that glide direction does not have a significant effect on FGDLs 
in NH listeners. 
While there is no reason to expect a different pattern of results for CI listeners, the 
influence of glide direction on FGDLs has never been examined in this population. Therefore, 
FGDLs in the present study were measured using both up-glides and down-glides. 
 
2.2.6 Frequency glide direction identification thresholds in NH listeners 
Dynamic speech cues often rely upon resolving the direction of a glide, rather than 
detecting the presence of a glide.  For example, for consonants, the direction frequency change in 
the second formant (F2) codes information about place of articulation (Pickett, 1999).  One 
motivating factor for gaining a better understanding of dynamic spectral resolution in the 
proposed study is to examine the ability of CI listeners to make use of dynamic speech cues.  
Therefore glide direction identification thresholds (GDITs) will also be measured.  GDITs reflect 
the smallest frequency extent that allows a listener to correctly identify the direction of a glide.  
Two studies have examined the relationship between FGDLs and GDITs using frequency-roved 
stimuli in NH listeners (Lyzenga et al., 2004; Demany et al., 2009) and found that the 
relationship is influenced by stimulus duration.   
Findings from these two studies are summarized in Figure 4, which displays the ratio of 
GDITs to FGDLs as a function of duration.  A ratio of 1, which represents equal performance for 
both measures, is observed by Lyzenga et al. (2004) at 500 ms, and by Demany et al. (2009) at 
250-ms.  However, as duration is decreased, there is a trend for a higher ratio in both studies, 
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reflecting larger GDITs than FGDLs at short durations.  Taken together, these studies indicate 
that when endpoint cues are obscured with frequency roving, GDITs are similar in magnitude to 
FGDLs at longer durations (>200 ms) and GDITs are larger than FGDLs at shorter durations.   
  
 
Figure 4. Relationship between GDITs and FGDLs as a function of duration in NH listeners, 
reported in Lyzenga et al. (2004) and Demany et al. (2009).  Data are expressed as the ratio 
between glide identification and detection (GDIT / FGDL).  A value of 1 indicates equal 
performance across measures; a value greater than 1 indicates that GDITs are larger than 
FGDLs.   
 
 Dooley and Moore (1988a) examined the relationship between FGDLs and GDITs 
without frequency roving in three NH listeners and found a different pattern of results.  GDITs 
and FGDLs were measured using stimuli ranging from 50 to 800 ms in duration.  It was found 
that GDITs were approximately half as large as FGDLs, regardless of duration.  The authors 
interpreted this finding as evidence that listeners used endpoint comparison cues to perform the 
GDIT and FGDL tasks. 
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2.2.7 FGDLs in HI listeners 
At least two previous studies have examined FGDLs in HI listeners for short glide 
durations (30-60 ms).  Tyler et al. (1983) measured FGDLs in 12 NH listeners and 12 HI 
listeners with mild to moderately-severe sensorineural hearing loss.  All glides were 50 ms in 
duration.  Compared to NH listeners, HI listeners demonstrated greater inter-subject variability.  
Some HI subjects performed more poorly than NH controls, but others performed in the range of 
the NH group.  Greater hearing loss was associated with larger FGDLs at 500 Hz, but not at  
4 kHz.  Summers and Leek (1995) measured FGDLs in the F2 frequency range for 6 NH and 6 
HI listeners.  FGDLs were larger for 30-ms glides than for 60-ms glides.  However, duration 
appeared to affect NH and HI listeners to the same degree.  Although not statistically significant, 
there was a trend for HI listeners to demonstrate larger FGDLs than NH listeners.  Taken 
together, these two studies suggest that hearing loss does not have a strong negative impact on 
FGDLs for brief stimuli.  However, since neither study used frequency-roving procedures, 
FGDL performance may have been influenced by endpoint comparison cues.  It is possible that 
future studies using frequency roving or longer stimuli will yield different results.   
 
2.2.8 Perception of glide-like stimuli in CI listeners 
Pure tone FGDLs have not been measured in CI listeners.  However, several studies have 
examined the ability of CI listeners to perceive glide-like stimuli.  Luo et al. (2010) measured 
pitch contour identification (PCI) in seven CI listeners with the Advanced Bionics Clarion CII or 
HiRes 90k implant.  Using direct stimulation, current steering (discussed in Chapter 1) was used 
to generate a glide-like stimulus between two adjacent electrodes.  For example, for a rising 
contour, stimulation would move from a given electrode to the next most basal electrode in a 
38 
 
linear fashion.  Such stimulation should result in the perception of a rising glide as the steered 
stimulus moves from more apical to more basal locations.  Three different pitch contours (rising, 
falling, or flat) were measured using a forced choice identification task.  Pitch contours were 
presented in random order, and subjects were asked to identify which pitch contour they heard 
(rising, falling, or flat).  PCI was measured at apical, medial, and basal electrode locations for 
five stimulus durations (100, 200, 300, 500, and 1,000 ms).  Results showed that PCI 
performance was similar across electrode locations, and significantly improved at longer 
durations.  For durations above 300 ms, five subjects achieved nearly perfect performance.  
Below 300 ms, performance declined and variability increased.  However, visual inspection of 
the data (their Figure 4) indicates that at each location tested, two subjects achieved near perfect 
performance even at the shortest duration tested. 
Although the procedures used for PCI differ from those used to measure FGDLs, 
discussed above, the findings of Luo et al. (2010) indicate that most CI listeners are able to 
correctly identify glide-like stimuli presented over the span of two adjacent electrodes.  Luo et al. 
also found that for most CI listeners, an individual’s PCI performance could be predicted by their 
ability to discriminate static current-steered stimuli. This finding suggests that FDL performance 
should predict FGDL performance in the present study.   However, PCI stimuli are delivered 
directly to the internal electrode array, and therefore do not account for limitations that may be 
imposed by the speech processor (discussed in Section 2.1.2).  In addition, Luo et al. did not use 
stimulus durations comparable to formant transitions, as evaluated in the present research.    
Drennan et al. (2008) evaluated frequency glide perception in seven NH and 24 CI 
listeners using Schroder-phase harmonic complexes (Schroeder, 1970) presented in soundfield to 
subjects through their clinical speech processors.  Schroder complexes generate rising or falling 
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frequency glides, with phase determining glide direction.  As a result, the ability to detect a 
phase reversal represents the ability to detect a change in the direction of a frequency sweep.  
Schroder glides extend from less than 400 Hz to 5 kHz, and therefore span a much larger 
frequency extent than stimuli used to determine FGDLs in acoustic hearing, discussed above.  
Drennan et al. provided electrodograms displaying the electrical output of a contemporary 
speech processing strategy in response to Schroder complexes.  Visual inspection of the 
electrodograms indicates that frequency sweeps spanned 19 of the 22 intracochlear electrodes, or 
the majority of a CI listener’s frequency range.  Another notable difference between Schroder 
complexes used by Drennan et al. and stimuli typically used to measure glide discrimination is 
that frequency sweeps are repeated multiple times within each 500-ms stimulus.  Sweep rates, 
expressed in Hz, determine how many times a stimulus is repeated throughout the duration of the 
stimulus. Since all stimuli used by Drennan et al. were 500 ms in duration, sweep rate also 
determined how quickly a stimulus would change in frequency.  For example, at the slowest rate 
tested (50 Hz), frequency sweeps were 20 ms in duration and repeated 25 times throughout the 
500 ms stimulus.  Performance was measured at 4 different rates, corresponding to frequency 
sweeps having durations of 20, 10, 5 and 2.5 ms.  
Drennan et al. (2008) reported that most NH listeners achieved near perfect performance 
in all but the most difficult stimulus condition, where frequency sweeps were very rapid (2.5 
ms).  CI listeners demonstrated more variable performance than NH listeners.  Approximately 
one-fourth of CI listeners performed comparably to NH subjects, another one-fourth were unable 
to perform the task, and the remainder demonstrated intermediate levels of performance.  
Importantly, glide-direction discrimination performance was positively correlated with CNC 
monosyllabic word recognition.  In general, this correlation supports the idea that high levels of 
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speech recognition in CI listeners may only be obtained when listeners are able to make use of 
dynamic speech cues.   
 
2.2.9 Formant transition discrimination thresholds 
Formant transition discrimination thresholds (FTDTs) measure the smallest change in 
formant frequency a listener can detect during the glided portion of a speech-like stimulus.  As a 
result, FTDTs represent a measure of dynamic spectral acuity in a speech-like context.  Unlike 
formant discrimination, formant-transition discrimination has not been studied extensively in 
acoustic hearing.   
Several studies have measured formant transition discrimination for brief stimuli 
consisting of only one or two formants.  Using single formant stimuli, Porter et al. (1991) 
measured FTDTs in the F2 range in six NH subjects.  Formant transition discrimination 
thresholds were measured at multiple transition durations (30, 45, 60 and 120 ms) to explore the 
influence of duration and rate-of-change effects.  Formant transitions were always followed by a 
steady state formant segment (i.e., plateau) that was 200 ms or longer in duration.  FTDT 
performance improved with duration, decreasing from approximately 300 Hz at 30 ms to 50 Hz 
at 120 ms.  The influence of duration on FTDTs in Porter et al. may be explained by their use of 
stimuli that included a plateau.  As suggested by Sek and Moore (1999), FGDLs measured with 
this type of stimuli tend to vary with duration, whereas FGDLs measured using isolated glides 
(without plateaus) remain constant with duration, presumably due to the listener’s reliance on 
endpoint comparison cues (Sergeant & Harris, 1962; Dooley & Moore, 1988a; Madden & Fire, 
1997; Moore & Sek, 1998). Because the reference and comparison stimuli in Porter et al. always 
had the same final frequency, which could be easily determined from the longer duration plateau, 
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listeners likely performed the FTDT task by monitoring onset frequency only.  As discussed 
above, the use of endpoint comparison cues in an FGDL task is reminiscent of the mechanism 
that operates for FDLs, which decrease with increasing duration.  Also, longer duration stimuli 
would allow listeners more time to “sample” the onset frequency, potentially improving 
performance.   
Van Tasell (1980) measured second formant transition discrimination in four NH and 
four HI listeners.  Performance was measured for F2 in isolation or in a two formant (F1, F2) 
stimulus.  Initial formant transitions (50 ms in duration) were followed by steady state formants 
(200 ms in duration).  Performance was not significantly different between the NH and HI 
groups, with FTDTs ranging from 25-50 Hz.  However, more variability was observed in the HI 
group.   
Kewley-Port and Goodman (2005) evaluated second formant transition discrimination in 
a speech-like context (with multiple surrounding formants) at durations intended to represent the 
quasi-steady state portion of the vowel (110 and 165 ms).  F2 transitions were not preceded or 
followed by steady state segments (plateaus); thus, they are comparable to stimuli used in the 
present study (see Section 3.4.3).  Kewley-Port and Goodman found that mean FTDT 
performance (32.5 Hz) was similar to mean FDT performance (30.9 Hz) for the same vowels 
using comparable procedures.  In addition, they found no significant effect of duration on FTDT 
performance.  No previous studies have measured FTDTs in a speech-like context at durations in 
the range of formant transitions (30-60 ms) in NH listeners, or at any duration in CI listeners.   
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2.3 Purpose of the present research and expected findings 
As discussed in preceding sections, poor spectral resolution is thought to limit speech 
understanding in CI users.  Although many studies have examined static spectral resolution for 
CI listeners, dynamic spectral resolution and the ability of CI listeners to resolve static and 
dynamic stimuli in speech-like contexts (FDTs and FTDTs) remain largely unexplored.  The 
present research seeks to address these gaps in our understanding of spectral processing by 
examining the ability of CI listeners to resolve both static and dynamic spectral information, for 
both tonal and speech-like stimuli.  To this end, two experiments will be described.   
Experiment 1 examines static and dynamic spectral acuity for simple (pure tone) stimuli 
in NH and CI listeners.  FDLs, FGDLs, and GDITs were measured at two stimulus durations 
(150 and 50-ms).  Durations of 150-ms and 50-ms were selected because they are similar to the 
durations of vowel centers and longer CV formant transitions, respectively.  The research 
questions addressed by this experiment were: 
 
Question 1a:  What range of FDLs, FGDLs and GDITs are observed in CI listeners, and how do 
they compare to the corresponding measures observed in NH listeners? 
 
Question 1b:  Does static spectral acuity (FDL) predict dynamic spectral acuity (FGDL) for 
simple stimuli, and if so, is the relationship between FDLs and FGDLs constant 
across groups (NH, CI), at each stimulus duration (50, 150-ms)? 
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Question 1c: Is the amount of frequency change required to identify the direction of a glide 
(GDIT), different from the amount required to discriminate a glide from a static 
tone (FGDL), and if so, is the same relationship evident across groups (NH, CI) at 
each stimulus duration (50, 150-ms)? 
 
 It was hypothesized that CI listeners would demonstrate poorer performance than NH 
listeners for all three measures (Question 1a).  Poorer FDL performance may be expected in CI 
listeners due to degraded place-based information and the absence of temporal information in the 
electrically coded signal (discussed in Section 2.1).  In addition, larger than normal FDLs have 
been reported for CI listeners in several previous studies (Wei et al., 2007; Pretorius & 
Hanekom, 2008).   
While it is still unclear how frequency glides are processed, the strongest evidence 
suggests that when endpoint comparison cues are not available, FGDLs are processed by a place-
based rate-of-change mechanism.  Because endpoint comparison cues are not available to 
listeners in our single-interval FGDL task (see Section 2.2.4), we anticipated that degraded 
place-based information would result in larger FGDLs in CI listeners compared to NH listeners.  
GDITs should rely upon the same mechanism used for processing of FGDLs.  Therefore, CI 
listeners were also expected to demonstrate larger GDITs than NH listeners.  
For NH listeners, it was hypothesized that FDL performance would not predict FGDL 
performance at either 150 or 50 ms (Question 1b).  As previously discussed, both temporal and 
place cues are expected to contribute to FDL performance in NH listeners, whereas FGDLs are 
expected to rely upon a purely place-based mechanism.  Because the two tasks are thought to 
rely upon different underlying mechanisms, FDLs were not expected to predict FGDLs in NH 
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listeners.  With respect to stimulus duration, it was expected that FDLs would increase with 
decreasing stimulus duration while FGDLs would be constant with duration.  Thus, the 
relationship between FDLs and FGDLs was anticipated to differ somewhat for the shorter (50-
ms) stimulus duration as compared to the longer (150-ms) duration.  
For CI listeners, it was hypothesized that FDL performance would predict FGDL 
performance at both stimulus durations.  Due to the removal of temporal fine structure during 
signal processing, FDLs and FGDLs were both expected to rely entirely upon place-based 
information for CI listeners.  Individual factors that degrade place-based spectral acuity in CI 
listeners were expected to influence FDLs and FGDLs in the same manner.  In addition, (Luo et 
al., 2010) found that virtual channel discrimination, a measure of static spectral acuity, was 
correlated with PCI performance, a measure of dynamic spectral acuity.  Although Luo et al. did 
not measure performance through the processor as done in the present research, their results 
support the hypothesis that FDL performance should predict FGDL performance for CI listeners.  
 It was hypothesized that GDITs would be larger than FGDLs at both 150 and 50 ms for 
both NH and CI listeners (Question 1c).  GDITs appear to increase more rapidly than FGDLs as 
duration is shortened.  Two studies that examined the relationship between these two measures in 
NH listeners both reported that GDITs are larger than FGDLs at durations less than 200 ms.  
Because both stimulus durations used in the present study fall below 200 ms, GDITs were 
expected to be larger than FGDLs at both durations.  Formulation of a strong hypothesis in CI 
listeners was not possible because GDITs and FGDLs have not been measured in electric 
hearing.  However, there was no indication that the relationship between identification and 
detection should differ from that observed in NH listeners. 
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 Experiment 2 examined static and dynamic spectral acuity in NH and CI listeners for 
speech-like (complex) stimuli.    FDTs were measured at 150-ms, while FTDTs were measured 
at both 50 and 150 ms.   The results of Experiment 2 were compared to a subset of measures 
from Experiment 1.  The research questions addressed by this experiment were: 
 
Question 2a:  What range of FDTs and FTDTs are observed in CI listeners, and how do they 
compare to those in NH listeners? 
  
Question 2b:  Does static spectral acuity measured with a simple stimulus (FDL) predict static 
spectral acuity measured in a complex (speech-like) context (FDTs), and if so, is 
the same relationship evident across groups (NH, CI)? 
 
Question 2c:  Does dynamic spectral acuity measured with a simple stimulus (FGDL) predict 
static spectral acuity measured in a complex, speech-like context (FTDT), and if 
so, is the same relationship evident across groups (NH, CI) at each stimulus 
duration (50, 150-ms)? 
 
We hypothesized that FDTs and FTDTs at both durations would be larger in CI listeners 
compared to NH listeners (Question 2a).  In a preliminary study using comparable procedures, 
Rogers et al. (2013) found that FDTs were larger in CI listeners compared to NH listeners.  In 
addition, FDTs reported for two of three CI listeners in Rogers et al. demonstrated a pattern of 
results similar to NH listeners, in which FDTs in the F2 range were a constant proportion of 
center frequency.  This finding suggests that FDTs in the F2 range are primarily dependent upon 
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place-based information, which is degraded in CI listeners.  Because FTDTs have never been 
measured in CI listeners, formulation of a strong hypothesis regarding FTDT performance in CI 
and NH listeners was not possible.  However, similar to FDTs, degraded place-based information 
was expected to result in larger FTDTs for CI listeners at both durations.   
It was hypothesized that FDL performance would not predict FDT performance for NH 
or CI listeners (Question 2b).  Because the relationship between FDLs and FDTs has not been 
examined in NH or CI listeners, formulation of a strong hypothesis was not possible for either 
group.  However, in CI listeners, Gfeller et al. (2002) found that FDLs were unable to predict 
complex pitch perception thresholds.  In addition, FDTs appeared to be at odds with pitch-
ranking thresholds for one CI user described in our preliminary study (Rogers et al, 2013). Taken 
together, these findings suggest that static spectral acuity may be influenced by different factors 
when measured using simple versus complex stimuli, and that FDLs may fail to reliably predict 
FDTs for either NH or CI listeners.   
It was hypothesized that FGDL performance would not predict FTDT performance in NH 
or CI listeners at either 150 or 50 ms (Question 2c).  As with static spectral acuity, formulation of 
a strong hypothesis was not possible, since the relationship between FGDLs and FTDTs has 
never been examined in either NH or CI listeners.  Therefore, we extended our hypothesis for 
static stimuli (that FDLs will fail to predict FDTs) to dynamic stimuli, and speculated that 
FGDLs would fail to accurately predict FTDTs.   
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Chapter Three:  
Methods 
 
3.1 FDL pilot study 
To date, no published studies have examined the influence of stimulus level or duration 
on FDLs in CI listeners.  The present work measured FDLs at two durations (150, 50 ms), one of 
which is much shorter than previously reported in CI listeners.  Because a reduction in loudness 
at short stimulus durations could influence FDLs, we conducted a pilot study to directly assess 
the effects of stimulus duration on FDLs in three CI listeners. 
FDLs in the pilot study were obtained using a 1.5 kHz stimulus that was either fixed in 
intensity (60 dB SPL) across stimulus durations, or adjusted in intensity to maintain a fixed 
loudness level across durations.  The fixed-intensity portion of the pilot data, which is directly 
relevant to the present experiments, is shown in Figure 5.  
It can be seen that FDLs decreased as duration was increased from 40 ms to 160 ms in 
two listeners (CI-58 and CI-44) but had no systematic effect on FDLs in the third listener (CI-
17).  Loudness ratings suggested that the variability observed across subjects was at least 
partially attributable to individual differences in effect of stimulus duration on perceived 
loudness.   
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Figure 5. Effect of duration on FDLs in three CI listeners examined in a pilot study.  FDLs were 
measured using a reference frequency of 1.5 kHz.  Stimuli were presented at 60 dB SPL. 
 
Although loudness varied with duration in all three subjects, the 60 dB SPL presentation 
level produced loudness ratings that were easily audible at the 40 ms duration and did not exceed 
a comfortable loudness level at 160 ms.  The pilot study therefore confirmed the feasibility of 
using a 60 dB SPL presentation level for both longer (150-ms) and shorter (50-ms) stimuli in the 
present study. The pilot data also illustrated the importance of measuring FDLs (and FGDLs) at 
both shorter and longer durations, because the effects of duration on FDLs appeared to vary 
across CI listeners.   
 
3.2 Subjects 
16 YNH listeners and 16 CI listeners completed both experiments.  The YNH listener 
group consisted of students recruited from the University of South Florida who were 18-30 years 
old.  All YNH listeners were native speakers of American English with pure tone thresholds ≤ 20 
dB HL at octave frequencies from 250 Hz to 8 kHz bilaterally.  The CI listener group consisted 
of post-lingually deafened users of contemporary implant devices recruited from clinics in the 
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Tampa Bay area.  Half of the listeners (n=8) were users of an Advanced Bionics (AB) implant 
system, while the other half were users of Cochlear Corporation devices.  CI subject 
demographic information are shown in Table 1.  All CI listeners had at least one year of 
experience with their device.  All participants were reimbursed for their time on an hourly basis.  
Study procedures were approved by the USF Institutional Review Board.  
 
Table 1. Demographic information for CI listeners.  
Subject Gender Age Etiology CI Manufacturer AZ Bio 
CI-2 F 61 Unknown Cochlear Corp. 98% 
CI-6 F 69 Autoimmune Advanced Bionics 90% 
CI-17 M 59 Hereditary, Progressive Advanced Bionics 89% 
CI-30 M 75 TBI / Presbycusis Advanced Bionics 88% 
CI-51 F 62 Otosclerosis Cochlear Corp. 99% 
CI-58 F 60 Sudden Onset, Idiopathic Advanced Bionics 83% 
CI-59 M 70 Unknown Advanced Bionics 80% 
CI-61 F 68 Autoimmune Advanced Bionics 80% 
CI-62 F 50 Labrynthitis Cochlear Corp. 75% 
CI-64 F 68 Unknown Advanced Bionics 85% 
CI-65 F 50 Labrynthitis Cochlear Corp. 52% 
CI-66 F 29 Labrynthitis Cochlear Corp. 76% 
CI-67 F 51 Unknown Cochlear Corp. 81% 
CI-68 M 55 
Chronic Otitis Media / 
Presbycusis 
Cochlear Corp. 88% 
CI-69 M 24 Labrynthitis Advanced Bionics 98% 
CI-70 M 74 
Noise Exposure / 
Presbycusis 
Cochlear Corp. 93% 
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3.3 Experiment 1:  Static and dynamic spectral acuity for simple stimuli 
3.3.1 Experiment 1 stimulus presentation 
All stimuli in Experiment 1 were digitally generated on a personal computer using 
custom scripts written for MATLAB R2013b (MathWorks, Inc., 1984, Natick, MS).  Stimuli 
were output through a Lynx 2 sound card and then routed to a Tucker Davis PA5 attenuator.  For 
NH listeners, stimuli were then presented to the subject’s left ear through a Sennheiser 600 
circumaural headphone.  For CI listeners, stimuli from the attenuator were routed through a 
direct-connect interface to the auxiliary input of a laboratory owned speech processor.  All 
stimuli were delivered to listeners sitting in a double-walled sound booth. 
For bilateral CI listeners, stimuli were presented to the side subjectively perceived by the 
subject to have better hearing.  The speech processor was loaded with a custom map, which had 
a 50/50 mixing ratio between the direct audio input and the speech processor microphone.  All 
CI listeners used the standard place-pitch MAP with all electrodes activate.  Adjustment of 
volume control and sensitivity settings were disabled in order to prevent the listener from 
changing these settings during the experiment. 
For Advanced Bionics users, all subjects used the Optima speech processing strategy 
with the Clearvoice noise-suppression function disabled and the input dynamic range (IDR) set 
to 60 dB SPL. Sensitivity was set to 0 dB.  Other settings (T-levels, M-levels, pulse rate, and 
pulse width), were identical to the settings of the clinical map that the listener routinely used in a 
quiet environment.  For Cochlear users, testing was completed using the ACE speech processing 
strategy, with ADRO enabled, and sensitivity set to 12.  As with AB listeners, other settings 
(pulse rate, T-level, C-levels, etc.) were identical to those used for everyday listening in a quiet 
environment. 
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Stimuli used in Experiment 1 consisted of steady or glided tones that were either 50 ms or 
150 ms in duration, excluding linear onset and offset ramps.  Ramps were 5 ms in duration for 
50-ms stimuli, and 10 ms in duration for 150-ms stimuli.  For example, each 50-ms stimulus 
consisted of a 5-ms onset ramp, followed by a 50-ms constant amplitude segment, and a 5-ms 
offset ramp.  Stimuli were presented to NH listeners at 60 dB SPL, and roved over a ± 2 dB 
intensity range to discourage listeners from making use of small loudness differences that may 
accompany changes in stimulus frequency.  For CI listeners, stimuli were presented through 
direct audio input cables to the speech processor at voltage levels corresponding to nominal SPL 
values called for by the experimental software.  For users with an Advanced Bionics implant, 
these voltage values were determined as part of the pilot study described earlier (Section 3.1) 
using an “implant in a box,” and subsequently verified to produce loudness percepts equal to 
those produced by tones of corresponding nominal intensities presented acoustically through the 
speech processor microphone.  Voltage levels corresponding to 60 dB SPL for Cochlear 
Corporation devices were determined by measuring the average voltage values that corresponded 
to tones presented in sound field for three listeners.  Individual loudness matching results 
indicated that tones presented acoustically and tones presented using direct audio input varied by 
5 dB or less for both devices.   
AZ Bio sentences were presented in sound field at 60 dB SPL (A weighted) by a speaker 
placed one meter in front of the subject. In order to control for possible previous exposure to AZ 
Bio sentences, testing was completed using four lists not included in the clinical version of the 
test.  The difficulty of the selected lists was equivalent to those found on the clinical version of 
the AZ Bio test (Spahr et al., 2012).  Each list consisted of 20 sentences, recorded from four 
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speakers (2 male, 2 female).  Performance across all four lists were averaged to represent a 
listener’s speech recognition score. 
 
3.3.2 Frequency difference limens (FDLs) 
FDLs were measured using an adaptive 3I2AFC procedure.  The reference stimulus, a  
1.5 kHz tone, was always presented first.  Presentation order of the second and third stimuli was 
randomized on each trial to contain either the reference stimulus, or an experimental stimulus 
that was lower in frequency than the reference.  Subjects were instructed to identify the stimulus 
that was “different” from the others by selecting the second or third stimulus using a computer 
interface.  Visual correct-answer feedback was provided to subjects prior to the start of the next 
trial.  The 1.5 kHz reference frequency was selected for Experiment 1 because it corresponds to 
the second formant (F2) frequency of the target vowel to be used in Experiment 2.  A 
spectrogram of the FDL reference stimulus is displayed in Figure 6. 
The frequency of the comparison tone was systematically adjusted using a 2-down, 1-up 
stepping rule that targets 71% correct performance (Levitt, 1971).  The initial frequency 
difference between the reference and comparison tone (∆f) was 500 Hz.  Starting frequency was 
decreased to 300 Hz for listeners who demonstrated FDLs below 100 Hz on their first two tracks.  
For the first six reversals, ∆f was adjusted by a factor of 2, after which it was adjusted by a factor 
of 1.2.  Adaptive tracks continued until 12 reversals occurred.  Thresholds for each track were 
estimated by calculating the difference between the geometric mean of the last six reversals and 
the reference frequency (1.5 kHz).  If visual inspection of tracks suggested that the calculated 
threshold was not an accurate estimate the listener’s discrimination ability (e.g., due to a 
temporary lapse in performance near the end of a track), the track was immediately replaced.  
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After two familiarization tracks, five experimental tracks were completed for each condition.  At 
the end of the five tracks, thresholds were evaluated for variability.  Tracks that were more than 
three standard deviations away from the geometric mean of the other four tracks were considered 
outliers, prompting the collection of additional tracks.  The geometric mean of the threshold 
estimates for the experimental tracks (excluding outliers) was taken to be the final FDL estimate 
for a given condition.   
  
3.3.3 Frequency glide difference limens (FGDLs)  
FGDLs were measured using a single interval, two-alternative forced choice task.  This 
procedure was selected in order to prevent the use of endpoint comparison cues.  On each trial, 
listeners were presented with a single stimulus, which was either a glide or a static tone.  
Subjects were instructed to indicate which type of stimulus they heard (“glide” or “tone”) using a 
computer interface.  On each trial, the presented stimulus had a 50% chance of being a glide (and 
a 50% change of being a static tone).  The frequency extent of the glide (onset frequency – offset 
frequency) was systematically adjusted by the same ratio increments and stepping rules used in 
FDL testing; however, frequency extent was adjusted by making equal (and opposite) 
adjustments to the onset and offset frequencies so that the glided stimulus always crossed  
1.5 kHz at its temporal midpoint.  The starting frequency extent was 800 Hz.  For listeners who 
demonstrated FGDLs below 200 Hz for the first two (practice) tracks, starting frequency extent 
was decreased to 400 Hz.   A spectrogram of a rising glide with a frequency extent of 400 Hz is 
displayed in Figure 6. 
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Figure 6. Spectrograms of FDL reference stimulus (top), and rising frequency glide (bottom) 
with a frequency extent of 400 Hz.  FDL reference stimulus, a 1.5 kHz pure tone, was also the 
reference stimulus for FGDL and GDIT measures.  
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Threshold calculation procedures were identical those described for FDL testing.  While 
glide direction was not expected to influence performance, FGDLs were measured using both 
up-glides and down-glides.  Glide direction was held constant within a block of tracks (described 
below).  One motivating factor for measuring both glide directions was to ensure the validity of 
procedures used in GDIT measurement.   
 
3.3.4 Glide direction identification thresholds (GDITs) 
GDIT testing was completed using a single interval 2AFC procedure.  A single glided 
stimulus was presented on each trial.  Glide direction was randomly selected on each trial (50 % 
probability) as either rising or falling in frequency.  Subjects were instructed to identify the 
direction of the glide (“rising” or “falling”) by selecting a corresponding box on a computer 
screen.  Frequency extent was adjusted using the same methods used in FGDL testing, targeting 
71% correct identification of glide direction.  Threshold calculation and other procedures were 
identical to those described for FGDL testing.   
 
3.3.5 Experiment 1 test sessions 
Experiment 1 was conducted over two test sessions, each lasting approximately 2.5 hours 
(see Table 2).  Participants began the first session by completing the human subjects consent 
process, followed by completion of a hearing history form.  NH listeners then completed a pure 
tone screening in order to ensure that eligibility criteria were met (thresholds ≤ 20 dB HL at 
octave frequencies between 250 and 8 kHz).  For CI listeners, an experimental map (previously 
described) was then created and loaded onto a laboratory-owned speech processor.  Expected 
audibility with the experimental map was then confirmed by obtaining warble tone thresholds in 
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soundfield at 1, 1.5, and 2 kHz.  For three CI subjects with thresholds > 30 dB HL, maps were 
adjusted by increasing T-levels.  These subjects were then re-tested to confirm improved 
thresholds.    
 
Table 2. Summary of activities completed in Experiment 1, which was conducted across two 
sessions.  Each session lasted approximately 2.5 hours.  
 
 
Session 1 
 
Administrative procedures 
Informed consent 
Creation of experimental map (CI only) 
Audibility testing 
Loudness ranking (CI only) 
 
 
Psychophysical testing 
Single duration tested (150 or 50-ms) 
Presented in random order across condition 
2 practice + 5-7  tracks per condition 
5 minute break between each condition 
 
FDL 
Rising FGDL  
Falling FGDL  
GDIT 
 
 
Session 2 
 
Psychophysical testing 
Single duration tested (150 or 50-ms) 
Presented in the same random order as 
Session 1 
2 practice + 5-7  tracks per condition 
5 minute break between each condition 
 
FDL 
Rising FGDL  
Falling FGDL  
GDIT 
 
 
Sentence recognition testing 
AzBio:  4 lists in quiet 
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The remainder of session 1 and all of session 2 were used to complete testing for the four 
test measures (FDL, rising FGDL, falling FGDL, GDIT) at each of two stimulus durations.   
Test order was designed to compensate for potential training and/or fatigue effects that could 
impact the comparisons of interest.  At each session, all four measures were tested at a single 
stimulus duration (150 ms or 50 ms).  Half of the subjects in each group were tested first with the 
150-ms duration, while half were tested with the 50-ms duration.  Within each stimulus duration, 
FDLs were always tested first, followed by either FGDLs or GDITs, with the order of the two 
dynamic measures (FGDLs, GDITs) counterbalanced across subjects.  FGDLs for rising and 
falling stimuli were tested sequentially; half of the listeners completed rising FGDLs first, and 
the other half completed falling FGDLs first.  At the second session, all four measures were 
tested again, in the same order, for the remaining stimulus duration.   
For each condition, listeners completed two practice tracks, followed by 5-7 experimental 
tracks.  At the end of testing for a given condition listeners were given a mandatory five minute 
break.  At the end of session 2, CI subjects completed sentence recognition testing.  Four lists of 
AzBio sentences were presented at 60 dB SPL in quiet using soundfield presentation.  Subjects 
responded verbally to each sentence.  While not included in statistical analyses, AzBio sentence 
scores were collected in order to provide a simple index of speech recognition ability in each CI 
listener.   
 
3.4 Experiment 2:  Static and dynamic spectral acuity for complex stimuli 
3.4.1 Experiment 2 stimulus presentation 
All stimuli in Experiment 2 were Klatt synthesized (Klatt, 1980) three-formant vowels, 
modeled after the /ʌ/ stimuli used in Kewley-Port and Watson (1994) and used in our 
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preliminary study (Rogers et al., 2013).  Formant characteristics for this vowel are shown in 
Table 3.  For measurement of FDTs and FTDTs, only F2 was adjusted.  Fundamental frequency 
(F0) fell linearly from 220 to 180 Hz over the duration of each FDT stimulus.  For FTDT stimuli, 
F0 was held steady at 200 Hz.  As mentioned by Kewley-Port and Goodman (2005), use of a 
constant F0 for the FTDT stimuli avoided possible interactions between the gliding F2 and the 
fundamental frequency.  While the use of a steady F0 resulted in stimuli caused stimuli to sound 
less natural, previous work has indicated that naturalness does not influence performance for a 
comparable FDT task (Liu & Kewley-Port, 2004).  Spectrograms of the FDT reference stimulus 
and a comparison stimulus are displayed in Figure 7.  
 
Table 3.  Formant characteristics of the vowel (/ʌ/) used for Klatt synthesis of FDT stimuli.   
Formant Center Frequency (Hz) Bandwidth (Hz) 
F1 700 70 
F2 (min – max) 1,273 – 1,500 90 
F3 2,600 170 
 
As in Experiment 1, stimuli were presented by a custom program written for MATLAB 
R2013b (MathWorks, Inc., 1984, Natick, MS).  Stimuli were presented in the same manner as 
described for Experiment 1 (left earphone for NH listeners, direct audio input for CI listeners).  
For NH listeners, stimuli were presented at 60 dB SPL.  For CI listeners, voltage levels delivered 
via direct audio input were equivalent to 60 dB SPL, as described for Experiment 1.  As in 
Experiment 1, a ±2 dB level rove was employed with both listener groups to obscure possible 
loudness cues. 
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Figure 7. Spectrograms of FDT reference stimulus (top), and a comparison stimulus with a lower 
F2 (bottom) 
 
3.4.2 Formant discrimination thresholds (FDTs) 
FDTs were measured using a 3I2AFC procedure comparable to FDL procedures in 
Experiment 1.  Stimuli were 150 ms in duration, with additional 10-ms onset and offset ramps.  
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Our preliminary study (Rogers et al., 2013) indicated that FDTs for F2 increments were not 
significantly different from FDTs for F2 decrements in CI listeners, consistent with findings in 
NH listeners.  Therefore, FDTs were measured for decrements only, to match the direction of 
frequency change used in the FDL task.  The reference stimulus contained an F2 center 
frequency of 1.5 kHz, which is slightly higher than the F2 reference frequency used by Kewley-
Port and Watson (1.4 kHz).  This value was selected in order to allow for an expanded range of 
F2 thresholds in CI listeners.  Comparison stimuli had the same F1 and F3 frequencies as the 
reference stimulus, but a lower F2 frequency than the reference stimulus.  A continuum of 
comparison stimuli were used in which F2 frequency decreased in 33 equal logarithmic steps 
from 1,495 Hz to 1,120 Hz.  
As in FDL testing in Experiment 1, a 2-down, 1-up stepping rule was used to target 71% 
correct performance. Tracks always began with the lowest F2 comparison stimulus (1,273 Hz).   
Initially, adaptive tracks were adjusted in two-stimulus steps (i.e., two increments of F2 
frequency); after the first four reversals, stimuli changed in single steps.  Tracks ended after 12 
reversals occurred.  Correct answer feedback was provided after each stimulus trial.   
 Threshold estimates were calculated for each track by computing the difference between 
the geometric mean F2 frequency at the last six reversals and 1.5 kHz (center frequency of the 
reference stimulus).  If visual inspection of adaptive tracks suggested that the calculated 
threshold was not an accurate estimate the listener’s discrimination ability (e.g., due to a 
temporary lapse in performance near the end of a track), the track was immediately replaced.  
After two familiarization tracks, 5 experimental tracks were completed for each condition.  As in 
Experiment 1, two additional tracks were obtained if an individual exhibited abnormally high 
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variability for a given stimulus condition.  The geometric mean of the threshold estimates for all 
tracks were taken to be the final estimate of a listener’s FDT performance. 
 
3.4.3 Formant transition discrimination thresholds (FTDTs) 
FTDTs were measured at two durations, selected to reflect durations typical of 
consonant-vowel (CV) formant transitions (50 ms) and vowel centers (150 ms), which include 
VISC cues.  As in Experiment 1, the duration of additional onset and offset ramps were 5 ms for 
50-ms stimuli, and 10 ms for 150-ms stimuli.  The reference stimulus was a Klatt synthesized 
vowel (/ʌ/), with a constant F2 frequency.  Second formant frequency and other characteristics of 
this vowel were identical to the reference stimulus used in the FDT testing, except that F0 
frequency was held constant over the duration of the vowel at 200 Hz.  For each comparison 
stimulus, F2 frequency was increased linearly throughout the duration of the vowel, and crossed 
1.5 kHz at the temporal midpoint. Our initial findings indicated that some CI listeners were 
unable to complete FTDT testing using the same range of stimuli used in FDT testing.  
Therefore, a continuum of 160 comparison stimuli were created, with F2 frequency excursions 
ranging from 6 to 997 Hz in equal logarithmic steps.  These increments in frequency extent were 
equal to the increments in static frequency used in the FDT procedure, described above.  Figure 8 
displays spectrograms of the FTDT reference stimulus and an FTDT comparison stimulus. 
 
3.4.4 Experiment 2 test sessions 
Experiment 2 was conducted over two test sessions, each lasting approximately 2.5 
hours.  CI listeners used the same laboratory speech processor and map used in Experiment 1.  
The order of test measures (FDTs, FTDTs) was counterbalanced across subjects within each of 
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Figure 8. Spectrogram of a reference (top) and comparison stimulus (bottom) used in FTDT 
testing.  Comparison stimulus has an F2 transition span of 502 Hz.   
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the four test-order groups established for Experiment 1.  FTDTs for the 150-ms and 50-ms 
stimulus durations were always tested sequentially, with the order of stimulus durations 
counterbalanced across subjects.  As in Experiment 1, testing for a given condition began with 
two practice tracks followed by 5-7 experimental tracks.    
 
3.4.5 Statistical analyses 
Student’s T-tests were used to determine the significance of differences in mean 
performance, both across conditions and between groups.  When data distributions failed to meet 
the assumptions required for a Student’s T-test, a Mann-Whitney Rank Sums analysis was 
performed instead.  Bonferroni corrections were not used because only planned comparisons, 
related to specific hypotheses, were performed.  Linear regressions in a log-log space were used 
to examine predictive relationships among variables of interest, as dictated by the research 
questions, and to examine the extent to which an individual’s performance on one measure 
predicted performance on another measure.  
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Chapter Four: 
Results and Discussion 
 
4.1 Experiment 1 results 
 In Experiment 1, static and dynamic measures of spectral acuity were obtained in CI 
users and a comparison group of NH listeners, for both 150-ms and 50-ms stimuli.  The key 
goals of this experiment were: 1) to provide an initial characterization of CI users’ ability to 
detect and discriminate pure tone frequency glides through the speech processor,  at a single 
reference frequency (Question 1a); 2) to examine the extent to which static spectral acuity 
(FDLs) predicts dynamic spectral acuity (FGDLs) for simple stimuli in both CI users and NH 
listeners (Question 1b); and, 3) to determine whether the amount of frequency change required to 
detect the presence of a glide (FGDL) differed from the amount of frequency change required to 
correctly identify the direction of a frequency glide (GDIT) in each listener group (Question 1c).   
 
4.1.1 Rising versus falling FGDLs 
As previously discussed, glide direction was not expected to influence FGDLs in either 
NH or CI listeners.  However, only one previous study (Luo et al., 2010) has examined the 
influence of glide direction on discrimination in CI listeners, and that study made use of direct 
electrical stimulation.  Because FGDLs in the current study were presented through the speech 
processor, it was necessary to confirm that FGDLs obtained with rising and falling glides yielded 
similar thresholds.  This comparison was completed prior to undertaking other data analyses. 
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Mean FGDL performance for rising and falling glides is displayed in Figure 9.  FGDLs 
did not vary significantly as a function of glide direction in either NH listeners or CI users, at 
either the 150-ms or 50-ms stimulus duration (Student’s T-test:  p = 0.231 for NH at 150-ms,  
p = 0.922 for NH at 50-ms, p = 0.948 for CI at 150-ms; Mann-Whitney Rank Sums:  p = 0.895 
for CI at 50-ms).  Therefore, the geometric mean of FDGLs measured in the rising and falling 
conditions was computed for each listener at each stimulus duration, and the resultant mean 
values were used to represent FGDL performance in subsequent analyses.   
 
Figure 9. Mean FGDL performance measured with rising and falling glides, at 150-ms and  
50-ms stimulus durations.  Error bars indicate one standard error above the mean.  Data for NH 
listeners are shown in the left panel; data for CI users are shown in the right panel.   
 
4.1.2 Static and dynamic spectral acuity for simple stimuli in NH and CI listeners 
Mean performance was compared across the three measures obtained in Experiment 1 in 
order to determine whether dynamic spectral acuity (FGDLs, GDITs) was significantly poorer 
than static spectral acuity (FDLs) for simple stimuli in either NH or CI listeners.  Comparisons 
were also conducted to determine whether glide detection (FGDL) and glide identification 
(GDIT) thresholds were significantly different (Question 1c).   
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Figure 10 shows the mean data for simple stimuli examined in Experiment 1 (FDLs, 
FGDLs and GDITs for each of two stimulus durations, 150-ms and 50-ms).  For both NH and CI 
listeners, duration had no obvious influence on the pattern of results observed across the three 
measures of Experiment 1; however, NH and CI listeners did exhibit a different pattern of 
results.  While FDLs were the smallest measure in both groups, GDITs were smaller than 
FGDLs in the NH group, but not in the CI group.  For CI listeners, FGDLs were similar to 
GDITs.  On average, FGDLs were approximately 3.6 times larger than FDLs in NH listeners at 
both durations.  A slightly smaller proportional change was observed in CI listeners, with FGDLs 
that were two times larger than FDLs for the 150-ms stimuli, and 3.3 times larger for the 50-ms 
stimuli. 
Analyses were performed to evaluate whether differences observed among the measures 
of Experiment 1 were statistically significant.  For NH listeners, all three measures were 
significantly different from one another at each stimulus duration (Mann-Whitney Rank Sums:  p 
< 0.001 for FDL vs FGDL and for FDL vs. GDIT at both durations; Student’s T-test: p < 0.001 
for FGDT vs. GDIT at both durations).  At both durations, FDLs were smallest, followed by 
GDITs, and then FGDLs.  This pattern of results was also consistent across individual NH 
listeners. 
For CI listeners, FDLs were significantly smaller than both FGDLs and GDITs at both 
stimulus durations, similar to NH listeners (Mann-Whitney Rank Sums:  p < 0.001 for FDL vs 
FGDL and for FDL vs. GDIT at both durations).  However, unlike NH listeners, FGDLs and 
GDITs were not significantly different from each other, at either 150-ms (Student’s T-test:  
p = 0.711) or 50-ms (Mann-Whitney Rank Sums: p = 0.865).   
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Figure 10. Mean FDLs, FGDLs, and GDITs for NH listeners (left panel) and CI listeners (right 
panel) at 150-ms and 50-ms stimulus durations.  Error bars indicate one standard error above the 
mean. **p < 0.001 
 
 
Unlike NH listeners, individual patterns of results were more variable across CI listeners, 
as shown in Figure 11.  While there was a trend for FDLs to demonstrate the smallest thresholds, 
FDLs were similar to both FGDLs and GDITs in several listeners at one of the two stimulus 
durations (e.g., CI-67 at 150-ms).  In addition, one listener, (CI-64), deviated from the typical 
pattern by producing FDLs that were clearly larger than both FGDLs and GDITs, at both 
durations. A possible explanation for this listeners’ atypical results involves neural survival 
patterns.  Specifically, her cochlea may have an area of poor neural survival apical to the 
reference location, and better survival more basal to the reference.  For FDL testing, target tones 
were always presented at locations apical to the reference.  However, glides were centered on the 
reference, and therefore reflect stimulation at locations both basal and apical to the reference.  
Consistent with this possibility, CI-67’s FGDLs measured with 150-ms stimuli were smaller with 
rising (57 Hz) than falling (107 Hz) glides.   
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Figure 11. FDL, FGDL, and GDIT performance for individual CI listeners at 150-ms and 50-ms stimulus durations. 
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4.1.3 Influence of duration on FDLs, FGDLs, and GDITs 
 
In addition to examining whether the pattern of results for FDLs, FGDLs and GDITs was 
similar for longer and shorter durations (described above), it was also of interest to examine 
whether stimulus duration had a systematic influence on individual measures within each subject 
group.   
For the NH listeners, paired comparisons revealed that thresholds were larger for 50-ms 
stimuli compared to 150-ms stimuli for all three measures (Student’s T-test: p = 0.004 for FDL, 
p < 0.001 for FGDL, p = 0.002 for GDIT).  For the CI listeners, duration had no effect on 
performance for FDLs (Mann-Whitney Rank Sums: p = 0.895).  The effect of duration 
approached, but did not reach significance for FGDLs (Mann-Whitney Rank Sums: p = 0.086) 
and GDITs (Mann-Whitney Rank Sums: p = 0.136); in each case, there was a trend for 
thresholds to be larger for the shorter stimuli.   
To further examine the effects of duration on each measure (FDLs, FGDLs and GDITs) 
across individual listeners, thresholds obtained for the 50-ms stimuli were divided by those 
obtained with 150-ms stimuli to generate the ratios shown in Figure 12.  For NH listeners, 
duration appears to influence all three measures to the same degree, with thresholds increasing 
approximately 50% as duration is decreased from 150-ms to 50-ms.  The abnormally large FDL 
ratio for NH10 may be explained by his unusually small FDL at 150-ms (1.7 Hz).   
Similar to the NH listeners, CI listeners demonstrated an increase of about 50%, on 
average, for FGDLs and GDITs.  Unlike the NH listeners, however, duration had little influence 
on FDLs for most CI listeners (mean ratio of 0.96).  Exceptions to this occurred for one subject 
(CI-30) who showed a clear increase in FDL threshold at 50-ms compared to 150-ms, and two 
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subjects (CI-66, CI-67) whose FDLs were clearly smaller for the 50-ms stimulus than for the 
150-ms stimulus. 
 
Figure 12. Influence of duration on FDLs, FGDLs and GDITs.  Ratio of threshold increase was 
calculated for each measure by dividing the 50-ms threshold by the150-ms threshold.  Mean 
ratios are provided in the grey shaded region (right side of figure).  The dashed line (ratio of 1) 
represents equal performance at both durations.   
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4.1.4 Relationship between static and dynamic spectral acuity for simple stimuli  
In order to examine the relationship between static and dynamic spectral acuity for 
simple stimuli (Question 1b), regression analyses were performed on the FDL and FGDL data.  
After evaluating several potential relationships, it was determined that power functions provided 
the best possible fits to the data in all cases. (Note that fitting a power function to the raw data is 
equivalent to fitting a linear function to the log-transformed data.)  Figure 13 shows scatterplots 
of the data (FGDLs versus FDLs) for each subject in the NH and CI groups, at each stimulus 
duration (150 ms and 50 ms). 
 
Figure 13.  Relationship between FDLs and FGDLs in NH and CI listeners at 150 ms and 50 ms.  
Open circles represent CI-64, who was excluded from statistical analyses. 
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For NH listeners, there was no systematic relationship between FDLs and FGDLs at 150 
ms (R2 = 0.01, p = 0.69, top left panel of Figure 13).   There was a trend for larger FDLs to 
predict larger FGDLs at the 50-ms duration (top right panel), however, the relationship did not 
reach significance (R2 = 0.15, p = 0.149).   
As discussed above, one CI listener demonstrated a pattern of results that was clearly 
different from the others (CI-64), with FDLs that were larger than FGDLs at both durations.  
When this listener was excluded from the analysis, the relationship between FDLs and FGDLs 
was significant at both 150 ms (R2 = 0.37, p = 0.016) and 50 ms (R2 = 0.45, p = 0.006).  
 
4.1.5 Summary of key findings from Experiment 1 
 All three measures of spectral acuity obtained with simple stimuli (FDLs, FGDLs, and 
GDITs) were significantly larger for CI listeners as compared to NH listeners at both 
stimulus durations.  For both NH and CI listeners, FDLs were significantly smaller than 
FGDLs and GDITs at both durations (Question 1a). 
 Static spectral acuity (FDLs) did not predict dynamic spectral acuity (FGDLs) at either 
stimulus duration in NH listeners.  However, static spectral acuity (FDLs) did predict 
dynamic spectral acuity (FGDLs) at both stimulus durations in CI listeners (Question 1b). 
 For NH listeners, GDITs were significantly smaller than FGDLs at both stimulus 
durations, suggesting that the amount of frequency change required to identify the 
direction of a glide is smaller than the frequency change required to detect the presence 
of a glide.  For CI listeners, FGDLs and GDITs were not significantly different at either 
stimulus duration, suggesting that once a glide could be detected, a larger frequency 
change was not required to identify glide direction (Question 1c). 
73 
 
4.2 Experiment 1 discussion 
 The primary purpose of Experiment 1 was to characterize static and dynamic spectral 
acuity for simple (tonal) stimuli in CI listeners and a comparison group of NH listeners.  Three 
measures (FDLs, FGDLs and GDITs) were obtained for a single reference frequency (1.5 kHz) 
at each of two stimulus durations (150 ms, 50 ms).  Consistent with the previous literature, 
performance on all measures was poorer for the CI users as compared to the NH listeners.  This 
general finding reflects the degraded place-based information and absence of temporal 
information available to CI users in the electrically-coded signal, discussed earlier (Section 1.3). 
 
4.2.1 Static spectral acuity for simple stimuli in NH and CI listeners 
FDLs reported here for both NH and CI listeners were generally consistent with those 
reported by previous investigators.  NH listeners exhibited mean FDLs of 3.5 Hz for the 150-ms 
duration and 4.9 Hz for the 50-ms duration.  In highly trained listeners, Wier et al (1977) 
reported slightly smaller FDLs (2-3 Hz) at comparable frequencies and sensation levels with 500 
ms stimuli.  FDLs in the current study may be expected to be slightly larger than those reported 
by Wier et al. because our methods did not include extensive training, and stimulus level was 
roved in the present study.  In addition, larger FDLs were expected at 50 ms, as FDLs have been 
shown to increase as duration is decreased below 200 ms in NH listeners (Freyman & Nelson, 
1986). 
FDLs for our CI users were comparable to those reported by Pretorious and Hanekom 
(2008) at a similar center frequencies (1 kHz, 1.2 kHz).  Because mean results were not provided 
by Gfeller et al., direct comparison between their FDL results and ours is not possible.  However, 
visual inspection Gfeller et al.’s Figure 4 suggests that FDLs measured in their study ranged 
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from 2% to 20% of reference frequency at approximately 1.5 kHz, which is in agreement with 
our FDLs, which range from 1.1% to 14.5% of reference frequency. 
 
4.2.2 Dynamic spectral acuity for simple stimuli in NH and CI listeners 
Overall, dynamic spectral acuity was poorer than static spectral acuity for both NH and 
CI listeners.  Specifically, for both groups of listeners, FGDLs and GDITs were significantly 
larger than FDLs at both stimulus durations.  While conventional methods were used to measure 
FDLs, a novel, single interval method was used to measure FGDLs and GDITs.  This method 
was selected to obscure endpoint comparison cues without the use of frequency roving.   
Comparison of FGDLs with previously published data.  Although there are few 
studies available for comparison, FGDLs obtained using our single interval method 
approximated FGDLs obtained in earlier studies.  Figure 14 displays our FGDLs and those 
reported in studies by Madden & Fire (1996) and Sek & Moore (1999), discussed previously in 
Section 2.2.  Note that the mean FGDL obtained from our NH listeners for 50-ms stimuli (red 
square), is comparable to mean FGDLs obtained by Madden and Fire (1996) using the same 
stimulus duration and a 10% frequency rove (solid blue line) at similar reference frequencies.  
This similarity across studies suggests that our single interval procedure obscured endpoint cues, 
as intended, without the use of frequency roving.  This finding also suggests that FGDLs derived 
using our single interval procedure are comparable to FGDLs obtained with two interval 
procedures, reported elsewhere.  As a result, it is unlikely that differences between FGDLs and 
FTDTs (Section 4.3.2) are influenced by task related differences.  
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Figure 14. Comparison between FGDLs obtained in the present study and previous studies.  
 
While FGDLs have not been measured previously in CI listeners through the speech 
processor, it is worthwhile to compare our results with those of Luo et al. (2010), who 
investigated pitch contour identification (PCI) in CI listeners using direct electrical stimulation 
(see Section 2.1.2).  Consistent with their findings, glide direction had no systematic influence on 
FGDLs for our CI listeners.  In Luo et al., the average PCI score for stimuli steered between 
electrodes 7 and 8 was approximately 80% correct for stimuli having 100-ms and 200-ms 
durations.  Our study examined FGDLs using a procedure that estimated a relatively similar level 
of performance (71% correct).  For the Advanced Bionics listeners in our study, who used the 
same electrode array as subjects in the Luo et al. study, average FGDLs were 94 Hz.  This 
frequency difference corresponds to approximately half the distance between adjacent electrodes 
in the frequency region of our stimuli (in this case, electrodes 8 and 9).  Thus, although 
procedures were quite different across studies, our data appear to reflect similar or better 
performance, in terms of spatial distance, than that reported by Luo et al. 
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Comparison of FGDLs and GDITs.  It was hypothesized that GDITs would be larger 
than FGDLs for both NH and CI listeners (Question 1c), consistent with the findings from 
Demany et al. (2009) and Lyzenga et al. (2004).  However, the data did not support our 
hypothesis for either NH or CI listeners.  For CI listeners, GDITs and FGDLs were similar in 
magnitude, indicating that the direction of a glide could be identified as soon as it was detected.  
For NH listeners, GDITs were significantly smaller than FGDLs, indicating that glide direction 
could be identified before the glide was detected.  Dooley and Moore (1988) similarly reported 
that GDITs were smaller than FGDLs for their NH listeners.  In their study, GDITs were similar 
to FDLs, leading the authors to conclude that endpoint comparison cues were used to perform the 
GDIT task.   
It is unlikely that endpoint comparison cues were available to subjects during the GDIT 
task in our study, due to the single-interval nature of the task.  It is also unlikely that other 
aspects of our procedures can account for our smaller-than-expected GDITs.  Because identical 
procedures were used for both NH and CI listeners, procedural factors influencing performance 
should influence both groups similarly.  However, NH and CI listeners demonstrated different 
patterns of results, with GDITs being similar to FGDLs in the CI listeners, but smaller than 
FGDLs in NH listeners.  It is possible that degraded spectral resolution or the absence of 
temporal fine structure information in electric hearing limits access to a mechanism that 
contributes to glide identification by NH listeners, thus accounting for the difference in pattern 
across groups.  More work is needed to further examine the novel pattern of results observed for 
NH listeners.  
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4.2.3 Relationship between static and dynamic spectral acuity for simple stimuli 
It was hypothesized that FDLs would fail to accurately predict FGDLs in NH listeners, 
because FDLs are likely mediated by both place and temporal cues, while FGDLs are mediated 
by place cues alone.  Consistent with this hypothesis, FDLs did not predict FGDLs at either 
stimulus duration in NH listeners.  For CI users, who lack temporal cues, it was hypothesized 
that FDLs would predict FGDLs because both are determined primarily by place-based spectral 
acuity.  This hypothesis was supported by the data.  Specifically, FDLs predicted FGDLs at both 
stimulus durations, suggesting that common factors influence both static and dynamic spatial 
acuity for simple (pure-tone) stimuli.    
Typically, factors influencing spectral acuity for simple stimuli in post-lingually deafened 
adults are thought to originate from the interface between the electrode array and auditory nerve 
fibers (see Section 1.3.2 for a review).  Current spread is the primary factor responsible for 
reduced spatial resolution along the cochlear duct in all CI patients; however, other factors may 
contribute to individual differences in this population.  For example, the intended current pattern 
may be altered by an individual’s cochlear anatomy or electrode placement, and irregularities in 
neural survival may further distort the intended signal.  Such factors are known to degrade 
spectral acuity for static tones in CI listeners.  The finding that FDLs predict FGDLs in 
individual CI listeners suggest that these factors also influence spectral acuity for glided tones. 
Although FDLs and FGDLs appear to be limited by the same factors in CI users, which 
are likely to originate from the auditory periphery, it is important to recall that FGDLs were 
significantly larger than FDLs in that group.  This finding suggests that static and dynamic tones 
are processed using different mechanisms, as theorized to occur in NH listeners (Demany et al., 
2009).  It is not yet clear how these mechanisms may be influenced by peripheral factors such as 
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excitation patterns or other aspects of the peripheral neural interface in electric stimulation.  
However, as discussed below, existing physiologic evidence suggests that static and dynamic 
signals activate different central mechanisms. 
 
4.2.4 Influence of duration on measures of static and dynamic spectral acuity for simple 
stimuli 
As discussed in Section 2.1.1, FDLs in NH listeners increase as duration is decreased 
below 200 ms.  Thus, the finding that FDLs were significantly larger for 50-ms stimuli than for 
150-ms stimuli in our NH listeners was expected.  In contrast, duration did not influence FDL 
performance for CI listeners.  No prior studies have evaluated the influence of duration on FDLs 
in CI listeners; however, our results are consistent with those of Stohl et al. (2009), who 
examined the influence of duration on electrode pitch ranking (EPR) thresholds.  Recall that EPR 
thresholds are a measure of static spectral acuity that employs direct electrical stimulation.  Stohl 
et al. (2009) found no influence of duration on EPR thresholds for pulse trains ranging from 10 
ms to 200 ms. 
It is worthwhile to consider why FDLs were influenced by stimulus duration for NH 
listeners, but not for CI listeners.  For NH listeners, the increase in FDLs that occurs at shorter 
durations (below 200 ms) has been attributed to a broadening of the stimulus spectrum (Freyman 
& Nelson, 1986), commonly referred to as spectral splatter.  As stimulus duration becomes 
shorter, stimulus spectra become broader, which result in shallower excitation patterns.  Recall 
that according to Zwicker’s theory (Zwicker, 1970), shallower filter slopes are associated with 
poorer spectral acuity (see Section 2.1.1).  In other words, broadening of the spectrum in the 
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physical representation of the acoustic stimulus results in larger FDLs in NH listeners at shorter 
durations.   
For CI listeners, the slopes of auditory filters are presumably quite shallow due to factors 
such as current spread (see Section 1.3).  As a consequence, the auditory filter slope is shallower 
than the slope of the stimulus spectrum at both longer and shorter stimulus durations, and the 
auditory filter slope determines the FDL in both cases.  This explains the finding that CI listeners 
in our study exhibited no systematic differences in FDLs obtained for the longer and shorter 
duration stimuli.  Importantly, no studies have measured FDLs for CI listeners using stimulus 
durations below 50 ms.  At durations below 50 ms, it is possible that further broadening of 
spectra may result in larger FDLs in at least some CI listeners.  More work is needed to explore 
this issue. 
Stimulus duration had a significant influence on FGDLs and GDITs for NH listeners, and 
its influence approached significance for CI listeners.  While the mechanisms underlying 
processing of dynamic stimuli are still unclear, these findings are consistent with the view of 
Porter et al. (1991) who suggested that frequency glides are processed using one of two 
mechanisms:  an endpoint comparison mechanism that operates at longer durations, and a rate-
of-change mechanism that operates at shorter durations.  Decreased performance at shorter 
durations may reflect an increased reliance upon the rate-of-change mechanism, which is less 
sensitive to small frequency differences than the endpoint comparison mechanism.  The rate-of-
change mechanism may be expected to become more reliable at shorter durations, because for a 
given glide extent, the rate-of-change increases as duration is decreased. 
In support of this notion, animal studies have identified neurons in the auditory cortex 
that preferentially respond to dynamic stimuli (Tian & Rauschecker, 1998; Fuzessery & Hall 
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1996).  For example, Tian and Rauschecker (2004) measured single nerve responses from the 
lateral auditory belt region of cortex in the rhesus monkey.  Both static tones and glides were 
assessed, using a variety of glide rates.  Most neurons in this region selectively responded to 
glides instead of tones.  Further, most neurons were selective for both the rate of frequency 
change and its direction.  The proportion of neurons preferring rising or falling sweeps was 
typically equal, consistent with the finding that glide direction does not influence FGDLs. 
Interestingly, for both NH and CI listeners, GDITs and FGDLs for 50-ms stimuli were 
approximately 50% larger than those for 150-ms stimuli.  This finding suggests that duration 
influences the mechanism(s) used to process tone-glides in NH and CI listeners to the same 
degree.  It also suggests that NH and CI listeners rely upon the same underlying mechanisms for 
processing simple, dynamic stimuli.   
 
4.3 Experiment 2 results 
 In Experiment 2, static and dynamic measures of spectral acuity were obtained in NH and 
CI listeners using complex (speech-like) stimuli.  FDTs, which reflect static spectral acuity, were 
measured for 150-ms stimuli, while FTDTs, which reflect dynamic spectral acuity, were 
measured for both 150-ms and 50-ms stimuli.  The key goals of this experiment were: 1) to 
characterize complex measures of static spectral acuity (FDTs) and dynamic spectral acuity 
(FTDTs) in CI and NH listeners (Question 2a); 2) to examine the extent to which spectral acuity 
measured with simple stimuli in Experiment 1 predicts spectral acuity measured with analogous 
complex stimuli (Question 2b, 2c); and 3) to examine whether the relationship between simple 
and complex dynamic spectral acuity is similar across stimulus durations (150 ms, 50 ms) 
(Question 2c).  
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4.3.1 Complex measures of static and dynamic spectral acuity 
In order to determine whether estimates of static versus dynamic spectral acuity differed 
significantly when measured within a complex (speech-like) context, mean FDT performance 
was compared to mean FTDT performance at the common stimulus duration of 150 ms.  
Compared to longer quasi-static spectral cues, there are indications that some CI listeners may 
have more difficulty perceiving dynamic formant transition cues because they are shorter in 
duration (Donaldson et al, 2015).  Therefore, we were also interested in comparing FTDTs 
obtained with 150-ms stimuli to those obtained at the shorter 50-ms duration. 
Figure 15 displays mean performance for the three test conditions evaluated in 
Experiment 2.  All three measures were 3-4 times larger in CI listeners than in NH listeners (2.9 
for FDTs; 3.0 for FTDTs at 150 ms; 4.0 for FTDTs at 50 ms).  At the common stimulus duration 
of 150 ms, mean FTDTs were 2.6 times larger than FDTs for both NH and CI listeners, and the 
difference was statistically significant in both groups (Mann-Whitney Rank Sums:  p < 0.001 for 
NH listeners; p = 0.027 for CI listeners). 
  
Figure 15. Mean results from psychophysical measures obtained in Experiment 2. Error bars 
indicate 1 standard error above the mean.  *p < 0.05, ** p < 0.001 
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For NH listeners, mean FTDTs obtained for the shorter (50-ms) stimuli were almost 
identical to those obtained for the longer (150-ms) stimuli in NH listeners.  In CI listeners, mean 
FTDTs were slightly larger for the 50-ms condition compared to the 150-ms condition.  
Differences were not significant for either group (Student’s T-test: p = 0.826 for NH listeners;  
p = 0.254 for CI listeners).  This finding differs from the corresponding finding from Experiment 
1, where decreasing duration from 150 ms to 50 ms resulted in a significant increase in FGDLs 
for NH listeners, and a non-significant trend for larger FGDLs in CI listeners.    
Figure 16 shows the individual results for measures obtained in Experiment 2 (FDT-150, 
FTDT-150, FTDT-50).  Most NH and CI listeners follow a pattern of results consistent with 
mean performance for their group.  However, a few subjects (e.g., NH11, NH14, CI-62, CI-68) 
show atypical patterns.  
 
 
Figure 16. Individual and mean results for measures examined in Experiment 2.  Results for both 
NH (top panel) and CI listeners (lower panel) are displayed.  Error bars on mean data indicate 
one standard error above mean performance.   
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4.3.2 Relationship between simple and complex measures of spectral acuity 
FDTs and FTDTs from Experiment 2 were compared with analogous measures from 
Experiment 1 (FDLs and FGDLs) to determine whether degraded spectral acuity influences the 
discrimination of simple and complex stimuli to the same degree.  The relevant data are 
displayed in Figure 17, with NH data shown in the left panel and CI data shown in the right 
panel.   
 
Figure 17. Mean results from Experiment 1 with analogous measures from Experiment 2. Error 
bars represent one standard error above the mean.  **p < 0.001 
 
Compared to the analogous measures for simple stimuli, spectral acuity in NH listeners 
was significantly poorer for complex stimuli. That is, FDTs were significantly larger than FDLs 
(Mann-Whitney Rank Sums: p < 0.001), and FTDTs were significantly larger than FGDLs at 
both 150 ms (Mann-Whitney Rank Sums: p < 0.001) and 50 ms (Mann-Whitney Rank Sums:  
p < 0.001).   
For CI listeners, mean thresholds for measures of spectral acuity obtained with simple 
stimuli were not significantly different from mean thresholds obtained with analogous complex 
stimuli, for any comparison.  Specifically, mean FDL performance was not significantly different 
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from FDT performance (Student’s T-test: p = 0.985), and FGDL performance was not 
significantly different from FTDT performance at either 150 ms (Mann-Whitney Rank Sums:  
p = 0.283) or 50 ms (Mann-Whitney Rank Sums: p = 0.376). 
In order to examine the degree to which an individual’s performance with simple static 
stimuli (FDL) predicted performance with complex static stimuli (FDT), linear regressions were 
fit to the data for each listener group in a log-log space, and are plotted in Figure 18.  For the 
150-ms stimuli, FDLs did not predict FDTs in either NH (R2 = 0.02, p = 0.619) or CI listeners 
(R2 = 0.06, p = 0.376).  Among NH listeners, the lack of a significant relationship may be 
attributable to the relatively small ranges of performance demonstrated for both measures (Figure 
18, upper panel).  Among CI users, there was considerable variability in the thresholds for each 
measure, but only 6% of that variability was explained by the regression function. 
 
Figure 18. Relationship between FDLs and FDTs in NH and CI listeners with 150-ms stimuli. 
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To further examine the relationship between FDLs and FDTs in both listener groups, the 
data for individual subjects were replotted in a different format.  Figure 19 displays the 
relationship between FDLs and FDTs for individual listeners in each group.  The blue lines in 
each panel represent individuals with larger FDTs than FDLs, the green lines represent listeners 
with larger FDLs than FDTs, and the red line shows the mean data.   
                 
Figure 19. Relationship between FDLs and FDTs for individual NH and CI listeners.  Blue lines 
represent listeners with larger thresholds for FDTs.  Green lines represent subjects with larger 
thresholds for FDLs.  Red lines represent mean performance. 
 
 As illustrated in the left panel of Figure 19, all NH listeners demonstrated a similar 
pattern of results (blue lines), with FDTs being larger than FDLs.  For this group, mean 
thresholds (red line) reflect the systematic relationship between FDLs and FDTs that exists 
among individual subjects.  A different pattern of results was observed for individual CI listeners 
(right panel of Figure 19), who tended to demonstrate one of two divergent patterns.  For about 
half of the subjects (blue lines), FDTs were larger than FDLs, while for the remaining subjects 
(green lines) an opposite pattern was observed.  Removing those subjects who demonstrated 
relatively little difference between the measures, 6 CI listeners exhibited FDTs that were at least 
twice as large as their FDLs, while 4 listeners exhibited FDTs that were less than half as large as 
their FDLs.  Importantly, due to these two opposing patterns of individual results, the mean data 
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fail to accurately portray the relationship between FDLs and FDTs in the CI listener group as a 
whole.  While the mean thresholds (red line) show essentially no difference between FDLs and 
FDTs, performance on these measures differed by more than a factor of two for 10 of 16 
individuals.  Potential factors underlying the variability observed among CI listeners will be 
discussed below (section 4.4.4). 
To examine the corresponding relationships for dynamic spectral acuity, linear 
regressions were fit to the individual data for FGDLs and FTDTs.  These are displayed in Figure 
20.  For NH listeners, FGDL performance predicted FTDT performance at both 150 ms (R2 = 
0.58, p < 0.001) and 50 ms (R2 = 0.32, p = 0.024), and most of the individual data points were 
clustered near the regression lines in both comparisons.  For CI listeners, FGDLs were not 
significantly related to FTDTs at 150 ms (R2 = 0.10, p = 0.237), but predicted FTDTs at 50 ms 
(R2 = 0.35, p = 0.017).  In both CI comparisons, the data points representing larger thresholds for 
both FGDLs and FTDTs (toward the right side of the graphs) fell relatively close to the 
regression line; however, data points representing smaller thresholds (toward the left side of the 
graphs) tended to diverge from the regression line. 
The individual data for both NH and CI users are replotted in Figure 21, following the 
same format used earlier in Figure 19.  Data for the 150-ms stimuli are shown in the top two 
panels; data for the 50-ms stimuli are shown in the bottom two panels.  As was the case for static 
stimuli (Fig. 15), the NH listeners demonstrated a consistent pattern of results at both stimulus 
durations, with thresholds obtained for complex stimuli (FTDTs) being larger than those 
obtained for simple stimuli (FGDLs).   
 
87 
 
 
Figure 20. Relationship between FGDLs and FTDTs in NH and CI listeners with 150-ms and 50-
ms stimuli.  
 
As before, the relationship between measures was also more variable among CI listeners, 
with two subgroups of individual showing different patterns of results. For one subgroup (green 
lines), FTDTs are clearly smaller than FGDLs; for the other subgroup (blue lines), the opposite 
relationship is found.  Moreover, duration did not appear to influence the relationship between 
FGDLs and FTDTs for individual CI listeners.  With only one exception (CI-70), each listener 
showed the same pattern of performance for the 150-ms stimuli as for the 50-ms stimuli.  FGDLs 
and FTDTs differed by a factor of 2 or more in 9 CI listeners for both the 150-ms and 50-ms 
comparisons.  For both durations, 6-7 listeners demonstrated smaller FTDTs than FGDLs, while 
the opposite pattern was found for another group of 7-8 listeners.  Only two subjects (CI-61 and  
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Figure 21. Relationship between FGDLs and FTDTs for individual listeners, with 150-ms stimuli 
(top panels) and 50-ms stimuli (bottom panels).  Blue lines represent listeners with larger 
thresholds for FTDTs.  Green lines represent subjects with larger thresholds for FGDLs.  Red 
lines represent mean performance. 
 
CI-67) showed thresholds that were similar for FGDLs and FTDTs, consistent with the mean 
data.   
Interestingly, individual listeners tended to show the same pattern of results across both 
static and dynamic comparisons.  Overall, ten of the 16 CI listeners demonstrated the same 
pattern of results across all three comparisons (i.e., better performance with simple stimuli than 
with complex stimuli, or the reverse relationship).  Of these ten, five (CI-2, CI-51, CI-62, CI-68, 
and CI-69) demonstrated better performance for the complex measures and five (CI-6, CI-17, CI-
58, CI-59, and CI-65) demonstrated better performance for the simple measures. 
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Taken together, the findings for both static and dynamic stimuli indicate that mean 
tendencies fail to accurately characterize the relationship between spectral acuity thresholds 
obtained with simple vs. complex stimuli in individual CI listeners.  Instead, at least two 
divergent patterns are apparent, with one subgroup of listeners demonstrating lower thresholds 
for simple stimuli, and another subgroup demonstrating lower thresholds for complex stimuli.  A 
third, smaller subgroup includes listeners who exhibit similar thresholds for simple and complex 
stimuli. 
 
4.3.3 Relationship between FDTs and FTDTs   
While not an a priori goal of our study, we were interested in knowing whether a 
systematic relationship existed between static and dynamic measures of spectral acuity obtained 
with complex stimuli in either NH or CI listeners. To that end, regression analyses were 
undertaken to examine the relationship between FDTs and FTDTs in each group.  Analyses were 
limited to the 150-ms stimulus duration, because FDTs were not measured at 50 ms.  As in the 
previous regression analyses, thresholds were log-transformed and fit with a power function.  
Results are displayed in Figure 22. 
For the NH listeners, FDTs failed to accurately predict FTDTs (R2 = 0.099, p < 0.236), 
despite a reasonable spread of the data points for both measures.  In contrast, FDTs were a 
significant, strong predictor of FTDT performance for CI listeners (R2 = 0.766, p < 0.001), with 
the individual data points cluttering close to the regression line along its entire length.   
The relationship between FDTs and FTDTs was also examined for individual NH and CI 
listeners, following the format used previously (Figs. 15, 17).  These individual data are shown 
in Figure 23.  Note that FTDTs were larger than FDTs for all listeners in both groups.  For CI 
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Figure 22. Relationship between FDT and FTDT performance with 150-ms stimuli in NH and CI 
listeners.   
 
listeners, this outcome contrasts with previous comparisons that examined the relationship 
between measures of spectral acuity obtained with corresponding simple and complex stimuli.  
For those comparisons, two conflicting patterns were observed.  However, as illustrated in Figure 
23, a consistent relationship is observed in CI listeners for FDTs and FTDTs, both of which 
measure spectral acuity using complex stimuli.  As a result, the mean data (Fig. 19, red line), 
provide an accurate representation of the expected relationship between FDTs and FTDTs in 
individual listeners.   
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Figure 23. Relationship between FDTs and FTDTs for individual listeners with 150-ms stimuli.  
Blue lines represent listeners with larger thresholds for FTDTs compared to FDTs.  Red lines 
represent mean performance.   
 
4.3.4   Relationship between psychophysical measures and sentence recognition scores 
AzBio sentence scores were obtained for CI listeners in this study to provide a simple 
index of CI benefit.  While not a primary goal of the study, we thought there was value in 
exploring the relationship between AzBio scores and psychophysical measures of static and 
dynamic spectral for both simple and complex stimuli.  Most CI listeners demonstrated high 
AzBio scores, with only three listeners scoring below 80% words correct, and most others 
performing near ceiling (100%)  To reduce the influence of ceiling effects, AzBio scores were 
converted to rationalized arcsine units (RAU) prior to statistical analysis.  Thresholds for 
psychophysical measures were log transformed as done for previous regression analyses.   
Regressions examining the relationship between simple measures of spectral acuity and 
speech recognition (RAUs) are plotted in Figure 24.  FDLs (static) did not predict speech  
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Figure 24. Relationship between simple measures of spectral acuity and AzBio sentence scores 
in CI listeners.  Relationships between FDLs (static) and sentence scores (RAUs) are displayed 
in to top two panels.  Relationships between FGDLs (dynamic) and sentence scores (RAUs) are 
displayed in the bottom two panels.  
 
recognition scores in CI listeners at either 150 ms (R2 = 0.195, p = 0.087) or 50 ms (R2 = 0.182, 
p = 0.099).  However, FGDLs (dynamic) did predict sentence recognition scores at both 150 ms 
(R2 = 0.349, p = 0.016) and 50 ms (R2 = 0.335, p = 0.019) stimuli.   
Regressions examining the relationship between complex measures of spectral acuity and 
speech recognition are plotted in Figure 25.  Unlike FDLs (simple, static), FDTs (complex, 
static) were a significant predictor of sentence recognition scores (R2 = 0.585, p = 0.001).  
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Similar to FGDLs (simple, dynamic), FTDTs were also a significant predictor of sentence scores 
for both 150 ms (R2 = 0.387, p = 0.010) and 50 ms (R2 = 0.350, p = 0.016) stimuli.   
Direct comparison between measures of spectral acuity and speech recognition was not a 
primary goal of the current study.  Ideally, FDTs and FTDTs should be correlated with measures 
of speech recognition that allow for control or examination of the specific speech cues available 
to listeners.  Such studies would allow direct examination between estimates of complex spectral 
acuity (FDTs, FTDTs), and associated speech cues.  For example, FTDTs (complex, dynamic) 
could be correlated directly with the ability of CI listeners to make use of place-of-articulation 
information, which relies heavily upon formant transition information.  For the AzBio sentences 
used in the current study, CI listeners may have made use of any speech cues available to them, 
including non-spectrally based cues such as vowel duration.  Therefore, strong conclusions 
should not be made concerning the correlations between psychophysical measures and the ability 
of CI listeners to make use of spectrally based information for speech recognition. 
 
4.3.5 Summary of key findings from Experiment 2 
 All three measures of spectral acuity obtained with complex stimuli (FDTs, FTDTs at 150 
ms, FTDTs at 50 ms) were significantly larger for CI listeners as compared to NH listeners 
(Question 2a). 
 Measures of static spectral acuity obtained with simple stimuli (FDLs from Experiment 1) 
failed to predict measures of static spectral acuity obtained with complex stimuli (FDTs) in 
either NH or CI listeners (Question 2b). 
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Figure 25. Relationship between complex measures of spectral acuity and AzBio sentence scores 
in CI listeners.   
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 Measures of dynamic spectral acuity obtained with simple stimuli (FGDLs from Experiment 
1) predicted measures of dynamic spectral acuity obtained with complex stimuli (FTDTs) in 
NH listeners at 150 ms and 50 ms.  For CI listeners, FGDLs predicted FTDTs at 50 ms, but 
not at 150 ms (Question 2C). 
 Group mean data failed to accurately characterize the relationship between simple and 
complex measures of spectral acuity in individual CI listeners.  Rather, subgroups of CI 
listeners demonstrated opposite patterns of results, with some listeners achieving smaller 
thresholds for the simple stimuli, and others achieving smaller thresholds for the complex 
stimuli.  
 At the common stimulus duration of 150 ms, FDTs were a strong predictor of FTDTs for CI 
listeners, but not for NH listeners. 
 
4.4 Experiment 2 discussion 
The primary purpose of Experiment 2 was to characterize static and dynamic spectral 
acuity for complex (speech-like) stimuli in both CI listeners and a comparison group of NH 
listeners.  Second formant FDTs were obtained using a synthetic /^/ vowel with a 150-ms 
duration, and an F2 reference frequency of 1.5 kHz.  Second formant FTDTs were obtained 
using the same reference stimulus (but with a constant F0) to determine the frequency extent 
required to detect the presence of a gliding formant, at both 150 ms and 50 ms. 
A secondary goal of Experiment 2 was to examine the influence of stimulus complexity 
on spectral acuity.  To that end, measures of spectral acuity obtained in a complex (speech-like) 
context in Experiment 2 were compared to analogous measures obtained using the simple (tonal) 
stimuli in Experiment 1.  
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4.4.1 Static and dynamic spectral acuity for complex stimuli in NH and CI listeners 
FDTs in NH and CI listeners.  Because our methods incorporated a limited amount of 
training, NH listeners’ FDTs were expected to be slightly larger than those reported in earlier 
studies which employed extensive training (Kewley-Port et al., 1994, 1996).  However, FDTs in 
our NH listeners were similar to those reported previously.  Kewley-Port (2001) examined the 
influence of training on FDT performance and found that initial FDTs were typically 230% 
larger than FDTs obtained from the same subjects after 1 hour of training.  In comparison, initial 
FDTs in our study were 175% larger, on average, than the geometric mean calculated for NH 
listeners.  Thus, although Kewley-Port’s (2001) longer period of training resulted in somewhat 
larger improvements in their subjects’ initial performance, our familiarization procedure clearly 
resulted in rapid training effects.  Taken together with the finding that our thresholds were 
comparable to those reported for highly trained listeners (Kewley Port et al., 1994), this outcome 
suggests that our familiarization procedures were adequate. 
Mean FDTs were approximately 2.5 times larger for CI listeners compared to NH 
listeners.  This finding was in line with our expectation that CI listeners’ FDT performance 
would be poorer than normal, due to degraded spectral acuity.  Interestingly, FDTs were 
unexpectedly small for three CI listeners (CI-2, CI-52, and CI-69).  The FDT achieved by CI-69 
was 16 Hz, slightly below the NH group mean of 18 Hz; FDTs for CI-2 and CI-52 were 10 Hz 
and 11 Hz, respectively, comparable to the FDTs achieved by the better performing NH listeners.   
FTDTs in NH and CI listeners.  For NH listeners, mean FTDTs were 46 Hz and 47 Hz, 
respectively, for the 150-ms and 50-ms stimuli.  While there are few studies available for 
comparison, FTDTs in our study were comparable to those reported for highly trained listeners 
in Kewley-Port and Goodman (2005).  For the /ɛ-æ/ condition, which had the closest F2 
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reference frequency to that used in our study (2,068 Hz in their study; 1,500 Hz in ours), they 
reported falling F2 FTDTs of 38 Hz and 46 Hz, respectively, for stimulus durations of 165 and 
110 ms.  
Compared to NH listeners, FTDTs for CI listeners were approximately 3 times larger for 
the 150-ms stimuli, and 4 times larger for the 50-ms stimuli.  This finding was expected, due to 
CI listener’s degraded spectral acuity.  As with FDTs, three CI listeners demonstrated FTDTs 
that were similar to those of NH listeners.  These were the same three CI listeners who exhibited 
FDTs in the NH range.   
The finding that some CI listeners were able to obtain FDTs and FTDTs comparable to 
NH listeners was unexpected.  While current spread is thought to limit spectral acuity in electric 
hearing, it appears that some listeners have favorable conditions of peripheral stimulation that 
support atypically good performance.  Such listeners may have electrode arrays that are 
positioned close to the modiolus, requiring less voltage to stimulate residual nerve fibers, thereby 
resulting in less than average current spread.  In contrast, CI users who demonstrate very poor 
performance may have unusually poor conditions of neural survival and current spread in the 
cochlea.  In addition, neural degeneration in more central auditory locations could contribute to 
poor performance in CI users with relatively long durations of deafness prior to implantation 
(Fallon et al., 2008).   
Other factors related to cognitive processing and selective attention could also have 
contributed to the variability in outcomes observed among individual CI listeners.  However, we 
attempted to minimize the influence of such non-sensory factors by using simple discrimination 
tasks and requiring listeners to take breaks at regular intervals during testing.    
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On average, CI listeners were older than listeners in the NH group; thus, it is possible that 
age contributed to the differences observed among groups.  However, an informal review of the 
data for CI users revealed no obvious effect of age on the thresholds for any of the measures 
tested.  
 
4.4.2 Relationship between FDLs and FDTs in NH and CI listeners 
Consistent with previous studies, NH listeners demonstrated FDTs that were significantly 
larger than FDLs; that is, estimates of static spectral acuity were larger when measured for a 
target formant within a complex stimulus as compared to a pure tone.  For NH listeners, FDLs 
are thought to be mediated by changes in stimulus level at the edge of the excitation pattern 
(Zwicker, 1970), with place-based performance supplemented by temporal cues in the low- and 
mid-frequencies (see Section 2.2.1).  Compared to a pure tone stimulus, the complex stimulus 
used in the FDT task should generate broader excitation patterns with shallower edges that may 
be less influenced by changes in F2 frequency.  Thus, for FDT stimuli, it may be more efficient 
for listeners to monitor changes in the spectral envelope of the stimulus in the frequency region 
of greatest change than to monitor changes at the edge of the excitation pattern.  This possibility 
is supported by an analysis performed by Sommers & Kewley-Port (1996) which revealed that 
FDTs for F2 frequency could be predicted on the basis of combined intensity changes across 
harmonics within the F2 frequency region.   
It is also possible that temporal fine structure (TFS) cues contribute to FDTs and FDLs 
differently.  In the F1 frequency range, FDTs are approximately constant; in the F2 range, FDTs 
increase with increasing frequency and are well described as a percentage of change from the 
reference frequency (Kewley-Port et al., 1996).  A similar pattern has been observed for FDLs, 
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and the change in the relationship between frequency and FDL performance is attributed to the 
loss of TFS at higher frequencies (Sek & Moore, 1995).  Taken together, these findings suggest 
that the ability of NH listeners to make use of TFS cues to supplement FDT performance is lost 
above 1 kHz.  However, TFS is thought to contribute to FDL performance up to 4 kHz (Moore, 
1973; Sek & Moore, 1995; cf. Moore & Ernst, 2012).  Therefore, TFS information may have 
supplemented FDL performance but not FDT performance at our reference frequency of  
1.5 kHz.  Supporting this hypothesis, we observed no systematic relationship between FDL and 
FDT performance among individual NH listeners.  This finding is consistent with the possibility 
that FDLs and FDTs are processed by different underlying mechanisms and/or different 
contributions of TFS cues, as speculated above.  However, it should be noted that our NH 
listeners demonstrated a narrow range of performance for both FDLs and FDTs, and this 
restricted range may have limited our ability to observe a predictive relationship in the group 
data if one exists.    
For CI listeners, the mean FDLs and FDTs were not significantly different.  However, a 
review of individual results (Section 4.3.2) showed that the mean data failed to accurately reflect 
the relationship between FDLs and FDTs in this population.  Instead, most CI listeners 
demonstrated one of two distinct patterns of results, with some showing better performance for 
FDLs relative to the FDTs, and others showing the opposite pattern.   
 
4.4.3 Relationship between FTDT and FGDLs in NH and CI listeners  
For NH listeners, FTDTs were significantly larger than FGDLs at both stimulus 
durations, as expected.  That is, similar to our findings for static spectral acuity, estimates of 
dynamic spectral acuity were larger when measured for a single formant within a complex 
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stimulus as compared to a pure tone.  Similar factors may account for this finding as those 
described earlier for FDLs and FDTs (Section 4.4.2).  That is, FTDT stimuli were comprised of 
formants, which resulted in broader excitation patterns, with shallower edges, than the pure-tone 
glides used to assess FGDLs.  According to Zwicker’s model, shallower edges are associated 
with poorer spectral acuity.  Additionally, listeners may use a different perceptual approach to 
perform the FTDT task as compared to the FGDL task. 
Regression analyses revealed a significant relationship between FGDLs and FTDTs for 
individual NH listeners, at both stimulus durations.  This finding suggests that FGDLs and 
FTDTs may rely primarily upon the same underlying mechanisms for NH listeners, or that the 
mechanisms mediating both tasks are similarly affected by common factors.  This finding differs 
from the relationship between simple and complex spectral acuity for static stimuli in NH 
listeners, discussed above (Section 4.4.2).  Because the mechanisms underlying frequency-glide 
processing in NH listeners are still uncertain, and even less is known about processing of FTDTs, 
it is difficult to formulate a strong hypothesis as to why the relationship between simple and 
complex measures differs for static and dynamic stimuli.  More work is needed to explore this 
issue. 
For CI listeners, mean FTDTs and FGDLs were not significantly different at either 
stimulus duration.  However, similar to the findings for static stimuli (Section 4.4.2), mean 
tendencies failed to reflect the underlying patterns of performance among individual listeners.  
Rather, similar to the findings for static stimuli, most CI users demonstrated FGDLs that were 
clearly larger than FTDTs, or the opposite pattern (Fig. 17).  Thus, comparisons between FGDLs 
and FTDTs based on mean tendencies should be interpreted with caution.   
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4.4.4. Individual variability in relationship between simple and complex measures of 
spectral acuity  
 Individual variability in the relationship between measures of spectral acuity obtained 
with simple stimuli (FDLs, FGDLs) and corresponding measures of spectral acuity obtained with 
complex stimuli (FDTs, FTDTs) was discussed in Section 4.3.2.  Across all three comparisons 
(FDLs vs. FDTs, FGDLs vs FTDTs at 150 ms and 50 ms), a similar pattern was observed.  For 
NH listeners, thresholds were consistently larger for measures of spectral acuity using complex 
stimuli than comparable measures using simple stimuli.  This pattern was observed for all NH 
listeners, for all three comparisons.    
However, a different pattern of results was apparent for the CI listeners.  For all three 
comparisons, some CI listeners demonstrated better performance with complex measures 
compared to simple measures while others demonstrated the reverse pattern.  CI listeners tended 
to demonstrate the same pattern of results across all three comparisons (i.e., better performance 
with simple stimuli than with complex stimuli, or the reverse relationship).   
There is no obvious explanation for the finding that FTDTs were smaller than FGDLs in 
one subgroup of CI listeners, and larger than FGDLs in another subgroup.  Device related 
differences were examined as a potential factor, but performance did not vary systematically 
with manufacturer (Cochlear Corporation vs. Advanced Bionics).  A second possible explanation 
is that differences in FTDT performance reflect the way in which CI listeners approached the 
FTDT task.  CI listeners with better dynamic spectral acuity may have perceived FTDT stimuli 
as speech sounds, engaging different perceptual mechanisms to perform the task than listeners 
with poorer dynamic spectral acuity, who may have processed the same FTDT stimuli as non-
speech signals.  In this scenario, CI listeners who interpreted FTDT stimuli as speech sounds 
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might be those who are able to make better use of formant transition cues in everyday listening 
situations.   
Another possible explanation for the divergent patterns of individual CI results is that 
simple (FDL, FGDL) and complex (FDT, FTDT) stimuli may require listeners to monitor 
different spatial regions of the cochlea to perform the discrimination task.  If one stimulus type 
(simple or complex) is dependent on activation from a region with conditions that are less 
favorable than the region activated by the other stimulus type (due to variations in neural density, 
electrode placement, etc.), differences in performance may be expected.  While spatial resolution 
is known to vary across the array in CI listeners (see Section 1.3.2), differences in the activation 
patterns between simple and complex stimuli would have to be relatively large in order to 
influence performance, given the broad excitation patterns associated with monopolar electrode 
coupling.   
 
4.4.5 Relationship between FDTs and FTDTs   
For the NH listeners, FDTs failed to accurately predict FTDTs.  One explanation for this 
finding is that the narrow range of thresholds observed in the NH listeners limited our ability to 
observe a relationship between the two measures.  An alternate explanation is that FDTs and 
FTDTs are influenced by somewhat different factors, or mediated by different mechanisms in 
NH listeners, at least for the reference frequency (1.5 kHz) and stimulus duration (150 ms) 
examined here. 
In contrast to the NH data, FDTs were a significant, strong predictor of FTDT 
performance for CI listeners.  This finding suggests that both measures are primarily determined 
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by the same factors; i.e., factors such as neural status and electrode position, that define basic 
spatial resolution in a given patient and region of the cochlea.   
In addition to peripheral factors associated with the neural interface, more central factors 
may also account for the strong relationship between FDTs and FTDTs observed in CI listeners.  
That is, CI listeners may rely upon a similar central mechanism for processing of both static and 
dynamic formant frequency information in speech, with individuals who are best able to make 
use of this mechanism achieving the highest levels of speech recognition.  A recent 
neuroimaging study supports the presence of such a mechanism.  Olds et al. (2015) examined 
cortical activation patterns in response to speech and non-speech stimuli in both CI users and NH 
listeners.  They found that CI listeners with better speech recognition abilities demonstrated 
cortical patterns similar to those of NH controls, with both groups processing speech and non-
speech sounds differently.  On the other hand, for CI listeners with poor speech recognition 
speech and non-speech stimuli were processed similarly, resulting in comparable cortical 
activation patterns. 
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Chapter Five: 
General Discussion 
 
5.1 Static and dynamic spectral acuity for simple stimuli 
The first goal of the current study was to characterize spectral acuity for static pure tones 
(FDLs) and pure tone glides (FGDLs) presented through the speech processor in CI listeners, and 
to assess the relationship between them.  Because FGDLs have never been measured previously 
in CI listeners, our findings also demonstrated the feasibility of measuring FGDLs in this 
population. 
As expected, mean FDLs and FGDLs were larger in CI listeners as compared to NH 
listeners.  For both NH and CI listeners, FGDLs were significantly larger than FDLs for both 
longer (150-ms) and shorter (50-ms) stimulus durations.  This finding indicates that, for simple 
stimuli presented through the speech processor, dynamic spectral acuity is poorer than static 
spectral acuity at durations typical of the dynamic cues that occur in speech, i.e., in the brief 
formant transitions that occur between vowels and consonants, and in the more gradual spectral 
changes that occur within vowel centers (VISC cues). 
For individual NH listeners, regression analyses revealed no systematic relationship 
between FDLs and FGDLs at either stimulus duration.  This finding was expected, given that 
FDLs and FGDLs are thought to be processed by different mechanisms (see Section 2.2).  For 
individual CI listeners, a significant relationship was found between FDLs and FGDLs at both 
durations.  This finding suggests that individual factors influencing FDLs also influence FGDLs, 
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i.e., that basic spectral acuity, as reflected in the FDL, is a key determinant of FGDL magnitude 
for both shorter and longer glides. 
 
5.2 Simple vs. complex measures of static spectral acuity 
The second goal of the present study was to compare measures of spectral acuity obtained 
with pure tone stimuli (FDLs, FGDLs) to those obtained with complex, speech-like stimuli 
(FDTs, FTDTs).  This comparison is particularly important with respect to CI listeners, because 
reduced spectral acuity is thought to be the primary factor that limits speech recognition in this 
population.  Most previous studies have used simple stimuli to assess spectral acuity in CI users, 
even though speech perception depends on the resolution of formant frequencies within a 
multiple-formant stimulus.  FDTs were measured for a single stimulus duration (150 ms), which 
was selected to reflect the duration of the dynamic spectral cues that occur within vowel centers 
(i.e., VISC cues).  
For NH listeners, FDTs were substantially larger than FDLs at the common stimulus 
duration of 150 ms, and this pattern was evident for both the mean data (Fig. 13) and for the 
individual subject data (Fig. 15).  However, despite the fact that FDTs were consistently larger 
than FDLs, a regression analysis failed to reveal a systematic relationship between the two 
measures among individual subjects.  That is, subjects with smaller (or larger) FDLs were not 
necessarily the same subjects who exhibited smaller (or larger) FDTs.  This finding was not 
particularly surprising because FDLs and FDTs are thought to rely upon different underlying 
mechanisms in NH listeners.  As discussed previously, FDLs are thought to be performed by 
monitoring the edge of the auditory excitation pattern (Zwicker, 1970) and enhanced by the use 
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of temporal cues, whereas FDTs may rely upon the detection of amplitude changes in harmonics 
surrounding the target formant frequency (Sommers & Kewley-Port, 1996).  
In contrast to the NH results, CI listeners yielded FDLs and FDTs that were similar in 
magnitude, on average, but the relationship between FDLs and FDTs differed across individual 
subjects.  For one subgroup of CI listeners, FDTs were noticeably smaller than FDLs; for another 
subgroup, FDTs were noticeably larger than FDLs.  These divergent patterns were also evident 
in the regression analysis (Fig. 14) which failed to yield a significant regression coefficient.  
Taken together, these findings support our initial hypothesis that no relationship would be 
observed between FDLs and FDTs for CI users, based on an earlier report that FDLs were unable 
to predict complex pitch perception thresholds in this population (Gfeller et al., 2002).   
 
5.3 Simple vs. complex measures of dynamic spectral acuity 
 A third goal of the present study was to compare measures of dynamic spectral acuity 
obtained with simple and complex stimuli (i.e., FGDLs vs. FTDTs).  This comparison was made 
for both the shorter (50-ms) and longer (150-ms) stimulus durations.    
 In NH listeners, FTDTs were significantly larger than FGDLs for both stimulus 
durations, i.e., dynamic spectral acuity was poorer when measured for speech-like stimuli than 
when measured with pure-tone glides.  Furthermore, regression analyses indicated that FGDLs 
were predictive of FTDTs for individual NH listeners at both stimulus durations (Fig. 16).  This 
finding differs from the corresponding finding for static stimuli in which no relationship was 
observed between FDLs and FDTs.  Taken together, these outcomes suggest that while FDTs 
may be dependent upon the detection of amplitude changes in harmonics near a formant’s center 
frequency (Sommers & Kewley-Port, 1996), FTDTs may be processed in a manner similar to 
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glides, and may depend exclusively upon place-based cues (Dooley & Moore, 1988b; Madden & 
Fire, 1997; Thyer & Mahar, 2006). 
For CI listeners, mean FTDT performance was not significantly different from FGDL 
performance at either stimulus duration, similar to the findings for static stimuli (Section 4.2.2).  
As with static stimuli, the individual data yielded two distinct patterns, indicating that stimulus 
complexity (simple vs. complex) had divergent effects on outcomes in two subgroups of CI 
users.  This finding is discussed in the next section (5.4).  For individual CI listeners, regression 
analyses revealed no systematic relationship between FGDLs and FTDTs at the longer stimulus 
duration (150 ms; Fig. 16), consistent with the divergent patterns exhibited by two subgroups of 
CI subjects.  The corresponding analysis for the 50-ms stimuli yielded a significant relationship, 
however, an inspection of the individual data indicated that FGDLs were not a reliable predictor 
of FTDTs for individual subjects (Fig. 17).  For example, 8 CI listeners demonstrated FGDLs for 
the 50-ms condition that were smaller than the group mean of 157 Hz; four had FTDTs for the 
50-ms condition that were remarkably small (ranging from 54 -114 Hz), while the other four had 
FTDTs that were relatively large (ranging from 292-625 Hz).   
 
5.4 Individual variability in the relationship between simple and complex measures of 
spectral acuity for CI listeners  
 Overall, our findings show that stimulus complexity (simple vs. complex) can have a 
strong influence on measures of static and dynamic spectral acuity for individual CI listeners.  
On average, thresholds for complex stimuli (FDTs, FTDTs) differed from analogous simple 
stimuli by a factor of 2.6 in CI listeners.  However, as indicated previously, some CI listeners 
showed improved thresholds for the complex stimuli as compared to the simple stimuli, and 
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others showed the opposite pattern.  Interestingly, most CI listeners exhibited the same trend for 
complex stimuli versus simple stimuli across the three comparisons we examined (FDLs vs. 
FDTs for 150-ms stimuli, FTDTs vs. FGDLs for 150-ms stimuli, and FTDTs vs. FGDLs for 50-
ms stimuli).  That is, an individual CI listener’s performance was either consistently better for 
the complex stimuli, or consistently worse.   
We can only speculate as to why some CI listeners perform better or worse on measures 
of complex spectral acuity compared to analogous measures using simple stimuli.  One possible 
explanation is that simple and complex stimuli result in different neural activation patterns at the 
level of the cochlea, as suggested earlier.  However, given the broad current patterns associated 
with monopolar electrode coupling, such differences in activation would have to be relatively 
large in order to influence performance.   
Differences in central processing may also account for divergent patterns in the 
relationship between simple and complex observed in CI listeners.  Such differences may be 
related to an individual CI listener’s neurophysiology, or may be attentional.  It is plausible that 
individual subjects approached the complex-stimulus tasks in different ways; for example, some 
subjects may have used a speech-based perceptual strategy to perform the complex-stimulus 
tasks, while others processed the stimuli as non-speech signals.    
 
5.5 Influence of stimulus context on static and dynamic measures of spectral acuity: Key 
findings 
Overall, our results indicate that stimulus context (simple vs. complex) has a significant 
influence on measures of spectral acuity in CI listeners.  When measured within the same 
stimulus context, significant relationships were found between measures of static and dynamic 
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spectral acuity in CI listeners for all comparisons; specifically, FDLs were shown to predict 
FGDLs at both stimulus durations, and FDTs were found to predict FTDTs for the 150-ms 
stimuli.  These findings suggest that, within a given stimulus context (simple or complex), static 
and dynamic spectral acuity are determined by the same factors for CI listeners.   
However, for both static and dynamic conditions, measures of spectral acuity obtained 
with simple stimuli were unable to reliably predict CI listeners’ performance on analogous 
complex measures.  Further, the relationship between simple and complex measures was highly 
variable, with two subgroups of CI listeners demonstrating divergent patterns of results.  These 
findings suggest that estimates of spectral acuity that employ simple (pure tone) stimuli may not 
be well-suited for studies that aim to correlate measures of spectral acuity to speech recognition 
in CI listeners.  Instead, measures of complex spectral acuity, such as FDTs and FTDTs may be 
more appropriate. 
 
5.6 Complex measures of spectral acuity and relationship to speech perception 
One motivation for the present study was the recent suggestion that some CI users have 
more difficulty identifying vowels on the basis of dynamic spectral cues (vowel edges) as 
compared to quasi-static spectral cues (vowel centers) (Donaldson et al., 2013; 2015). Several 
potentially confounding factors from the earlier vowel studies were eliminated in the present 
work.  Specifically, potential level effects were controlled by using a single presentation level for 
both static and dynamic stimuli; potential effects of stimulus duration were both controlled and 
examined; and discontinuous stimuli (i.e., silent-center vowels) were avoided.  
Listeners may be expected to confuse neighboring vowels whenever spectral resolution 
for formants is too poor to provide an adequate phonemic boundary.  Normal hearing listeners 
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demonstrate formant discrimination thresholds that are small relative to the formant distances 
that separate neighboring vowels (Kewley-Port & Watson, 1994); thus, they have an effective 
margin of safety in this regard.  CI users in the present study demonstrated a wide range of 
FDTs, with some individuals exhibiting near-normal performance and others demonstrating 
dramatically larger thresholds.  This wide variability in FDT performance is consistent with the 
outcomes of previous vowel identification studies which have shown that some CI users can 
differentiate vowels only when they differ substantially in formant patterns, while others can 
accurately identify most or all possible vowel pairs (e.g, Donaldson & Kreft, 2006; Donaldson et 
al, 2013, 2015).  
Smaller FDTs were correlated with better speech recognition performance in the current 
study, explaining 58.5% of the variance in AzBio sentence recognitions scores.  While still 
statistically significant, a weaker relationship was found between FTDTs and speech recognition 
for 150 ms (R2 = 0.387) and 50 ms (R2 = 0.35) stimuli.  This finding suggests that compared to 
dynamic speech cues, CI listeners may rely more heavily on static spectral cues for speech 
recognition.  This finding is not surprising, given that dynamic measures of spectral acuity were 
consistently poorer than comparable static measures. 
In the present study, FTDTs were significantly larger than FDTs for both NH and CI 
listeners.  While FTDTs for most CI listeners were larger than normal, performance varied 
substantially across individuals, with some CI listeners demonstrating FTDTs comparable to NH 
listeners at both longer (150-ms) and shorter (50-ms) stimulus durations, and others 
demonstrating dramatically larger thresholds.  Interestingly, stimulus duration did not appear to 
influence FTDTs in most CI users; only two CI users (CI-67, CI-70) showed an obvious increase 
in thresholds for shorter stimuli (50 ms) relative to longer stimuli (150 ms). 
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FTDTs in our study suggest that for most CI listeners, spectral acuity is adequate to make 
use of both longer (VISC) and shorter (CV formant transition) dynamic speech cues, for most 
vowels.  However, many CI listeners may be unable to detect more subtle dynamic speech cues.  
For example, of the four vowels evaluated in Kewley-Port and Goodman, the /i/ vowel 
demonstrated the smallest change in F2 VISC (125 Hz).  FTDTs for 150-ms stimuli suggest that 
only 6 of our 16 CI users would be able to make use of F2 VISC information for this vowel.   
Poorer performing CI users, such as those in the present study who exhibited FTDTs 
greater than 400 Hz, may have little or no access to dynamic speech cues, regardless of 
frequency extent or duration.  Overall, these findings suggests that individual CI listeners vary 
considerably in their access to dynamic speech cues, consistent with data reported in earlier 
vowel identification studies (Donaldson et al., 2013, 2015). 
Several factors limit our ability to generalize our FTDT measurements in the present 
study to CI users’ perception of dynamic cues in conversational speech.  First, FTDTs in the 
current study were only measured in the F2 region, for a single target vowel.  As a result, FTDT 
performance for F1 frequencies, and for other frequencies within the F2 range is unknown.  
Second, stimuli in our study were presented at 60 dB SPL, while the CV formant transitions in 
natural speech typically occur at lower levels.  As a result, our FTDTs obtained with 50-ms 
stimuli may overestimate the ability of CI listeners to make use of speech cues associated with 
CV formant transitions in real speech.  In a future study, it would be useful to directly examine 
the influence of presentation level on FTDTs in CI listeners.  
Overall, the findings of this study support several of the same conclusions reached in the 
earlier vowel studies (Donaldson et al., 2013; 2015), i.e., (1) that CI users have poorer spectral 
acuity than NH listeners for both static and dynamic stimuli; (2) that CI listeners vary 
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considerably in their ability to make use of both static and dynamic spectral information in 
speech; and (3) that some CI users who have poor static spectral acuity have especially poor 
dynamic spectral acuity. 
In most CI listeners, poorer than normal speech recognition is likely due to degraded 
perception of of both static and dynamic speech cues.  Stimulus coding strategies, such as current 
focusing, that are designed to improve spectral resolution, may have beneficial effects on 
listeners’ perception of static and dynamic spectral cues; however, such strategies have had only 
limited success to date (Srnivasan et al., 2013).  It may also be possible to improve CI users’ 
perception of dynamic spectral cues with auditory training; however, training cannot be expected 
to overcome the basic limitations of poor spectral resolution attributable to peripheral factors 
such as current spread.   
 
5.8 Summary and Conclusions 
 FGDLs were larger than FDLs in CI listeners at both longer and shorter stimulus 
durations, indicating that for simple (tonal) stimuli, dynamic spectral acuity is poorer than 
static spectral acuity.  A similar finding was observed in NH listeners.   
 FGDLs were comparable to GDITs in CI listeners, indicating that glide direction could be 
identified as soon as it was detected.   
 A significant relationship was observed between FDLs and FGDLs in CI listeners at both 
longer and shorter stimulus durations, suggesting that static and dynamic spectral acuity 
for simple stimuli are influenced by the same factors.  In contrast, no relationship was 
observed between FDLs and FGDLs at either duration in NH listeners.   
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 In CI listeners, FTDTs were significantly larger than FDTs at a common stimulus 
duration of 150 ms, indicating that for complex (speech-like) stimuli, dynamic is poorer 
than static spectral acuity. 
 FTDTs for 150-ms and 50-ms stimuli were not significantly different, which suggest that 
duration alone may not account for poor use of brief, dynamic speech cues (i.e. place of 
articulation) in CI listeners.  
 There was no clear relationship between simple measures of spectral acuity (FDLs, 
FGDLs), and analogous complex measures of spectral acuity (FDTs, FTDTs) in CI 
listeners.  Assessment of individual data revealed at least two common patterns of results 
among individual CI listeners; one subgroup consistently showed lower thresholds with 
complex stimuli, while another subgroup showed the opposite pattern.    
 Importantly, speech cues are reliant upon resolution of complex spectral components.  
Because performance with simple stimuli did not reliably predict spectral acuity for 
analogous complex stimuli, studies attempting to correlate measures of spectral acuity 
with speech recognition should preferentially employ complex, rather than simple 
measures of spectral acuity. 
 A significant relationship was observed between static and dynamic measures of spectral 
acuity for complex stimuli (FDTs and FTDTs), at a common stimulus duration of 150 ms.   
This finding suggests that static and dynamic spectral acuity for complex (speech-like) 
stimuli are influenced by the same factors.  An implication of this finding is that CI 
listeners who have the poorest acuity for static spectral cues in speech are also those with 
the greatest limitations for dynamic spectral cues in speech. 
114 
 
 When measured within the same level of stimulus complexity (simple or complex), 
significant relationships were found between measures of static and dynamic spectral 
acuity in CI listeners, for all comparisons.  These findings suggest that, within a given 
stimulus context (simple or complex), static and dynamic spectral acuity are determined 
by the same factors in CI listeners.    
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Appendices 
 
Appendix A:  Individual data for all measures 
 
Table 1A: Individual thresholds for all measures in NH listeners.   
 
  
  
Experiment 1    
 
  
  
Experiment 2 
FDL Rising FGDL  Falling FGDL Mean FGDL GDIT FDT FTDT 
Subject 150 ms 50 ms 150 ms 50 ms 150 ms 50 ms 150 ms 50 ms 150 ms 50 ms Subject 150 ms 150 ms 50 ms 
NH1 6.1 6.7 6.5 16.8 13.3 15.1 9.3 16.0 4.5 11.5 NH1 18.5 26.9 36.4 
NH2 3.8 3.4 12.7 13.8 13.7 17.9 13.2 15.7 9.3 11.6 NH2 15.3 48.1 51.3 
NH3 3.7 2.5 10.6 20.3 17.1 19.1 13.5 19.7 5.0 4.4 NH3 17.7 43.2 52.0 
NH4 3.9 4.8 11.1 17.9 12.1 16.7 11.6 17.3 5.8 10.7 NH4 12.5 57.8 59.1 
NH5 2.4 4.2 13.3 11.7 8.1 10.0 10.4 10.8 4.0 5.4 NH5 10.1 29.2 32.3 
NH6 4.4 7.8 13.6 22.5 13.1 20.8 13.4 21.6 7.5 12.7 NH6 57.9 58.1 65.7 
NH7  3.2 4.2 10.0 16.6 11.5 18.8 10.7 17.7 9.4 10.1 NH7  13.0 33.4 71.5 
NH8 4.5 4.5 15.0 23.6 15.0 19.0 15.0 21.2 8.0 13.0 NH8 17.9 52.1 66.1 
NH9 5.0 6.8 13.6 18.3 16.1 17.2 14.8 17.7 10.3 16.0 NH9 20.7 42.1 49.3 
NH10 1.7 6.4 20.1 19.5 22.3 18.6 21.2 19.0 7.0 9.4 NH10 25.1 102.8 97.7 
NH11 3.7 4.2 13.0 12.3 14.0 19.8 13.5 15.6 5.4 5.9 NH11 22.1 30.4 26.6 
NH12 3.1 3.8 7.0 13.2 7.6 12.2 7.3 12.7 6.1 8.0 NH12 14.8 37.3 29.2 
NH13 4.3 5.1 17.6 18.8 16.5 21.6 17.0 20.2 8.9 11.7 NH13 16.4 65.1 57.5 
NH14 2.5 5.2 10.1 19.8 14.8 15.0 12.2 17.2 8.8 14.5 NH14 22.8 48.8 21.4 
NH15 3.9 6.8 14.2 29.3 20.3 26.9 16.9 28.1 7.4 9.3 NH15 15.5 74.5 57.1 
NH16 2.4 4.7 12.0 16.8 10.9 20.1 11.4 18.4 5.9 9.7 NH16 15.6 41.0 41.9 
Mean 3.5 4.9 12.1 17.7 13.6 17.6 12.8 17.7 6.8 9.7 Mean 18.1 46.3 47.3 
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Table 1B: Individual thresholds for all measures in CI listeners.   
 
  
  
Experiment 1    
 
 
Experiment 2 
FDL Rising FGDL  Falling FGDL Mean FGDL GDIT FDT FTDT 
Subject 150 ms 50 ms 150 ms 50 ms 150 ms 50 ms 150 ms 50 ms 150 ms 50 ms Subject 150 ms 150 ms 50 ms 
CI-2 57.6 54.0 94.2 120.7 68.0 57.8 80.0 83.5 136.7 101.5 CI-2 10.1 35.0 38.7 
CI-6 20.3 16.8 78.4 86.7 75.3 170.0 76.8 121.4 73.0 108.9 CI-6 137.3 532.8 625.3 
CI-17 35.0 30.9 63.1 115.1 52.7 81.3 57.7 96.7 60.5 84.5 CI-17 80.9 275.2 411.4 
CI-30 26.4 61.4 280.2 305.0 151.0 205.3 205.7 250.2 108.8 165.9 CI-30 54.4 184.0 156.2 
CI-51 23.3 23.3 51.3 87.0 48.9 111.1 50.1 98.3 61.0 147.8 CI-52 11.2 35.4 46.3 
CI-58 53.2 54.4 192.9 274.6 193.9 229.6 193.4 251.1 106.8 335.2 CI-58 115.1 331.3 348.0 
CI-59 24.1 24.4 66.1 110.2 74.5 182.3 70.2 141.7 81.4 56.0 CI-59 88.2 402.3 291.7 
CI-61 51.1 41.4 171.6 154.5 162.8 257.7 167.1 199.5 77.8 161.6 CI-61 42.1 231.9 195.8 
CI-62 59.4 58.5 120.7 170.0 124.1 174.6 122.4 172.3 143.8 164.8 CI-62 40.1 41.8 56.3 
CI-64 151.6 149.3 57.0 62.2 107.1 78.0 78.1 69.7 96.8 55.6 CI-64 129.8 338.1 293.6 
CI-65 71.4 64.3 143.2 278.4 171.1 360.2 156.5 316.7 197.6 333.0 CI-65 205.5 438.5 778.6 
CI-66 141.9 73.3 98.0 210.2 177.2 189.9 131.8 199.8 213.7 247.3 CI-66 84.0 184.8 322.0 
CI-67 217.6 109.4 173.4 516.2 224.1 501.5 197.1 508.8 240.2 191.9 CI-67 47.2 196.1 537.9 
CI-68 119.0 83.3 113.0 129.7 128.9 100.1 120.7 113.9 249.2 235.4 CI-68 46.0 51.4 54.7 
CI-69 19.0 18.0 33.6 47.6 42.3 60.8 37.7 53.8 21.4 19.9 CI-69 15.7 26.9 33.5 
CI-70 48.3 50.8 194.7 325.5 106.8 326.3 144.2 325.9 152.6 422.1 CI-70 38.6 52.7 481.5 
Mean 52.7 47.8 103.8 153.6 105.8 159.9 104.8 156.7 107.3 139.2 Mean 52.6 137.8 189.7 
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Appendix B:  IRB approval letters 
 
 
 
 
 
 
 
5/8/2014 
 
Gail Donaldson, Ph.D. 
Communication Sciences and Disorders 
PCD 1017, 4202 E. Fowler Ave. 
Tampa, FL 33620 
 
RE: Expedited Approval for Continuing Review 
IRB#: CR3_104831 
Title: Sound and Speech Perception in Cochlear Implant Users 
 
Study Approval Period: 5/26/2014 to 5/26/2015 
 
Dear Dr.  Donaldson: 
 
On 5/8/2014, the Institutional Review Board (IRB) reviewed and APPROVED the above 
application and all documents outlined below. 
 
Approved Item(s): 
Protocol Document(s): 
PROTOCOL IRB Study #104831 v4 13Sept2013_clean.docx 
 
 
Consent/Assent Document(s)*: 
2013 13Sept CI consent v7 clean.docx.pdf  
2013 13Sept HI consent v7 clean.docx.pdf  
2013 13Sept NH consent v7 clean.docx.pdf 
 
*Please use only the official IRB stamped informed consent/assent document(s) found under the 
"Attachments" tab on the main study's workspace. Please note, these consent/assent document(s) 
are only valid during the approval period indicated at the top of the form(s) and replace the 
previously approved versions. 
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The IRB determined that your study qualified for expedited review based on federal expedited 
category number(s): 
 
(4) Collection of data through noninvasive procedures (not involving general anesthesia or 
sedation) routinely employed in clinical practice, excluding procedures involving x-rays or 
microwaves. Where medical devices are employed, they must be cleared/approved for marketing. 
 
(7) Research on individual or group characteristics or behavior (including, but not limited to, 
research on perception, cognition, motivation, identity, language, communication, cultural beliefs 
or practices, and social behavior) or research employing survey, interview, oral history, focus 
group, program evaluation, human factors evaluation, or quality assurance methodologies. 
 
As the principal investigator of this study, it is your responsibility to conduct this study in 
accordance with IRB policies and procedures and as approved by the IRB. Any changes to the 
approved research must be submitted to the IRB for review and approval by an amendment. 
 
We appreciate your dedication to the ethical conduct of human subject research at the University of 
South Florida and your continued commitment to human research protections.  If you have any 
questions regarding this matter, please call 813-974-5638. 
 
Sincerely, 
 
E. Verena Jorgensen, M.D., Chairperson USF 
Institutional Review Board 
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4/30/2015 
 
Gail Donaldson, Ph.D. 
Communication Sciences and Disorders 
4202 E. Fowler Ave. 
Tampa, FL 33620 
 
RE: Expedited Approval for Continuing Review 
IRB#: CR4_104831 
Title: Sound and Speech Perception in Cochlear Implant Users 
 
Study Approval Period: 5/26/2015 to 5/26/2016 
 
Dear Dr.  Donaldson: 
 
On 4/30/2015 1:48 PM, the Institutional Review Board (IRB) reviewed and APPROVED the 
above application and all documents outlined below. 
 
Approved Item(s): 
Protocol Document(s): 
PROTOCOL IRB Study #104831 v4 13Sept2013_clean.docx 
 
Consent/Assent Document(s)*: 
2014 21Nov CI consent v8 clean.docx.pdf  
2014 21Nov NH consent v8 clean.docx.pdf  
2013 13Sept HI consent v7 clean.docx.pdf 
 
*Please use only the official IRB stamped informed consent/assent document(s) found under the 
"Attachments" tab on the main study's workspace. Please note, these consent/assent document(s) 
are only valid during the approval period indicated at the top of the form(s) and replace the 
previously approved versions. 
 
The IRB determined that your study qualified for expedited review based on federal expedited 
category number(s): 
 
(4) Collection of data through noninvasive procedures (not involving general anesthesia or 
sedation) routinely employed in clinical practice, excluding procedures involving x-rays or 
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microwaves. Where medical devices are employed, they must be cleared/approved for 
marketing. 
 
(7) Research on individual or group characteristics or behavior (including, but not limited to, 
research on perception, cognition, motivation, identity, language, communication, cultural 
beliefs or practices, and social behavior) or research employing survey, interview, oral history, 
focus group, program evaluation, human factors evaluation, or quality assurance 
methodologies. 
 
As the principal investigator of this study, it is your responsibility to conduct this study in 
accordance with IRB policies and procedures and as approved by the IRB. Any changes to the 
approved research must be submitted to the IRB for review and approval by an amendment. 
 
We appreciate your dedication to the ethical conduct of human subject research at the 
University of South Florida and your continued commitment to human research protections.  
If you have any questions regarding this matter, please call 813-974-5638. 
 
Sincerely, 
 
E. Verena Jorgensen, M.D., Chairperson 
USF Institutional Review Board 
 
